











ULTRASONIC AND IMAGE-BASED CHARACTERIZATION OF PROGRESSIVE 


























Copyright by Deepanshu Shirole 2019 










A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 







   
Signed: _______________________________ 













Dr. Terri S. Hogue 
Professor and Department Head 





Stress-driven deformation behavior of rocks is relevant in many practical scenarios, such 
as damage development around underground structures, the failure of mine pillars, stability of 
rock slopes and rock-based bridge or dam abutments, hydraulic fracturing operations, rock burst 
dynamics, earthquake physics, etc. In order to model and predict rock behavior in these practical 
situations, it is necessary to develop techniques through which the mechanisms associated with 
rock damage evolution can be accurately monitored and interpreted in detail, which is the 
primary goal of this research. In this research, the ultrasonic testing approach (both linear 
ultrasonic testing (LUT) and non-linear ultrasonic testing (NLUT)) has been implemented in 
conjunction with the non-contact 2-dimensional Digital Image Correlation (2D-DIC) procedure 
to develop an improved interpretation of the rock damage evolution processes in progressively 
stressed intact rock specimens. Intact rock specimens of Lyons sandstone, Gosford sandstone, 
Granodiorite, Barre granite and Stanstead granite were damaged under monotonically increasing 
uniaxial load for this purpose. Prismatic specimens of these rock types were prepared to ensure a 
planar surface as necessary for accurate in-plane 2D-DIC measurements. Compressional 
ultrasonic wave pulses were directly transmitted (T-mode) through and reflected (R-mode) off 
the damage features in the rock specimens while digital images of the specimen surface were 
continuously acquired during the test. 
It was established that the changes in the directly transmitted linear ultrasonic wave (T-
mode LUT) parameters (amplitude and mean frequency) are illustrative of the state of damage in 
progressive loaded intact rock specimens, and that the damage-induced changes in these 
parameters can be utilized for the estimation of the crack initiation (CI) and crack damage (CD) 
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thresholds of rocks. The non-linear indicator θ, which is indicative of the non-linear elasto-
dynamic response of rocks and evaluated through the NLUT-SSM (Scaling Subtraction Method) 
approach was more sensitive, in comparison to the traditional linear LUT wave attributes, in the 
illumination of early stages of damage evolution in intact rocks (e.g. close to CI). The analysis of 
the reflected ultrasonic waves (R-mode LUT) with the progression of damage in the rock 
specimens showed that R-mode LUT, similar to T-mode LUT, is also capable of illuminating the 
extent of damage in the rock specimens. This is perhaps the only study that tracks the changes in 
the reflected ultrasonic waves in progressively damaged intact rock specimens. From the 2D-
DIC measured deformation fields, evolution of the tensile damage and shear damage in 
progressively damaged rock specimens was quantitatively evaluated in real-time. Through this 
damage quantification, it was explicitly proven that the changes in the energy (amplitude) of the 
ultrasonic waves is in-fact dominated by the evolution of damage in the rock specimens. The 2D-
DIC measurements also facilitated in the quantitative analysis of the evolution of strain-field 
heterogeneity with increasing levels of load on the rock specimens. The analysis validated that 
the magnitude of strain-field heterogeneity is representative of the state of damage in the rock 
volume, and that, due to the multi-scale nature of damage progression in rocks, the smaller scales 
of measurement are more representative of the active state of damage in the rock specimens. 
These findings have numerous potential practical applications. They verify that the ultrasonic 
testing approach can be used for the assessment of the state of damage and the associated 
damage mechanism in rocks in a near-continuous manner, and that it can also be employed for 





The thesis “Ultrasonic and Image-Based Characterization of Progressive Damage 
Processes in Intact Rocks” is a product of research conducted by the author, Deepanshu Shirole. 
The individuals (co-authors) as mentioned below, also had a significant contribution in this 
research in terms of scientific and editorial feedback. The author has permission from all the co-
authors to use the materials (data, figures, text, etc.) as presented in this thesis (Appendix B).  
 
Dr. Ahmadreza Hedayat 
Assistant Professor and Thesis Co-advisor 
Department of Civil and Environmental Engineering  
Colorado School of Mines 
Golden-80403, Colorado, USA. 
Dr. Gabriel Walton 
Assistant Professor and Thesis Co-advisor 
Department of Geology and Geological Engineering 
Colorado School of Mines 






Dr. Ehsan Ghazanfari 
Associate Professor 
College of Engineering and Mathematical Sciences 
University of Vermont 
Burlington-05405, Vermont, USA. 
Dr. Lev Ostrovsky 
Adjunct Professor 
Department of Applied Mathematics 
University of Colorado 
Boulder-80309, Colorado, USA. 
Dr. Hossein Masoumi 
Senior Lecturer 
Department of Civil Engineering 
Monash University 






TABLE OF CONTENTS 
ABSTRACT…. .............................................................................................................................. iii 
CO-AUTHORSHIP ........................................................................................................................ v 
LIST OF FIGURES ...................................................................................................................... xii 
LIST OF TABLES ...................................................................................................................... xvii 
ACKNOWLEDGEMENTS ......................................................................................................... xix 
DEDICATION ............................................................................................................................. xxi 
CHAPTER 1 THESIS INTRODUCTION .................................................................................... 1 
1.1 Introduction and Motivation ................................................................................... 1 
1.2 Research Needs and Objectives .............................................................................. 2 
1.3 Relevant Literature and Methods For Rock Damage Characterization .................. 6 
1.3.1 Conventional approach for characterization of rock damage processes ......... 6 
1.3.2 Linear ultrasonic testing (LUT) method ......................................................... 9 
1.3.3 Non-linear ultrasonic testing (NLUT) method ............................................. 10 
1.3.4 Correlation between LUT parameters and full-field surficial strains ........... 12 
1.3.5 Multi-scale strain-field heterogeneity and its relation to rock damage 
processes ....................................................................................................... 14 
1.3.6 Ultrasonic wave reflection (R-mode LUT) ................................................... 16 
1.4 Scope Limitations ................................................................................................. 18 
1.5 Research Tasks...................................................................................................... 18 
1.5.1 Tasks related to “Objective 1” ...................................................................... 19 
1.5.2 Tasks related to “Objective 2” ...................................................................... 19 
1.5.3 Tasks related to “Objective 3” ...................................................................... 19 
1.5.4 Tasks related to “Objective 4” ...................................................................... 20 
1.5.5 Tasks related to “Objective 5” ...................................................................... 20 
viii 
 
1.6 Thesis Outline ....................................................................................................... 20 
CHAPTER 2 EVALUATION OF AN ULTRASONIC METHOD FOR DAMAGE 
CHARACTERIZATION OF BRITTLE ROCKS ................................................ 23 
2.1 Abstract ................................................................................................................. 23 
2.2 Introduction ........................................................................................................... 24 
2.3 Experimental Design ............................................................................................. 31 
2.3.1 Testing procedure.......................................................................................... 31 
2.3.2 Data acquisition and processing .................................................................... 36 
2.4 Results and Discussion ......................................................................................... 44 
2.4.1 Strain-based CI and CD ................................................................................ 44 
2.4.2 Ultrasonic wave variations with damage and different input excitations ..... 47 
2.4.3 Strain-Seismic CI-CD comparison ............................................................... 57 
2.5 Conclusions ........................................................................................................... 62 
2.5 Acknowledgements ............................................................................................... 64 
CHAPTER 3 NON-LINEAR ULTRASONIC MONITORING OF DAMAGE    
PROGRESSION IN DISPARATE ROCKS ......................................................... 65 
3.1 Abstract ................................................................................................................. 65 
3.2 Introduction ........................................................................................................... 66 
3.3 Fundamentals ........................................................................................................ 70 
3.3.1 Non-linear constitutive model....................................................................... 70 
3.3.2 Scaling subtraction method (SSM) ............................................................... 74 
3.4 Experimental Design ............................................................................................. 77 
3.4.1 Materials ....................................................................................................... 77 
3.4.2 Testing method.............................................................................................. 78 
3.5 Results and Discussion ......................................................................................... 82 
3.5.1 Undamaged specimens.................................................................................. 82 
ix 
 
3.5.2 Specimens under uniaxial compression ........................................................ 87 
3.6 Conclusions ........................................................................................................... 98 
3.7 Acknowledgements ............................................................................................... 99 
CHAPTER 4 EXPERIMENTAL RELATIONSHIP BETWEEN COMPRESSIONAL       
WAVE ATTENUATION AND SURFACE STRAINS IN BRITTLE           
ROCK ................................................................................................................. 100 
4.1 Abstract ............................................................................................................... 100 
4.2 Introduction ......................................................................................................... 101 
4.3 2D-Digital Image Correlation (2D-DIC) ............................................................ 106 
4.3.1 Displacement-field measurement................................................................ 106 
4.3.2 Strain-field measurement ............................................................................ 107 
4.4 Experimental Design ........................................................................................... 110 
4.4.1 Material ....................................................................................................... 110 
4.4.2 2D-Digital image correlation and LUT set-up ............................................ 111 
4.5 Results and Discussion ....................................................................................... 115 
4.5.1 Assessment of the 2D-DIC results .............................................................. 115 
4.5.2 2D-DIC full-field strains under uniaxial loading ........................................ 120 
4.5.3 LUT signatures under uniaxial loading....................................................... 127 
4.5.4 Correlation between full-field strains and ultrasonic wave amplitude ....... 133 
4.6 Conclusions ......................................................................................................... 140 
4.7 Acknowledgements ............................................................................................. 141 
CHAPTER 5 EXPERIMENTAL INVESTIGATION OF MULTI-SCALE                     
STRAIN-FIELD HETEROGENEITY IN ROCKS ............................................ 142 
5.1 Abstract ............................................................................................................... 142 
5.2 Introduction ......................................................................................................... 143 
5.3 Background ......................................................................................................... 145 
x 
 
5.3.1 Strain-field heterogeneity............................................................................ 145 
5.3.2 Multi-scale strain heterogeneity and RVE .................................................. 147 
5.4 Materials and Testing Procedure ........................................................................ 150 
5.4.1 Materials ..................................................................................................... 150 
5.4.2 Testing Procedure ....................................................................................... 153 
5.5 Results and Discussion ....................................................................................... 154 
5.5.1 Validation of the 2D-DIC measurements ................................................... 154 
5.5.2 Strain-field heterogeneity under loading .................................................... 156 
5.5.3 Multi-scale strain-field heterogeneity ......................................................... 160 
5.5.4 RVE length-scale determination ................................................................. 165 
5.6 Conclusions ......................................................................................................... 176 
5.7 Acknowledgement .............................................................................................. 178 
CHAPTER 6 ILLUMINATION OF DAMAGE IN INTACT ROCK SPECIMENS BY 
ULTRASONIC WAVE TRANSMISSION AND REFLECTION..................... 179 
6.1 Abstract ............................................................................................................... 179 
6.2 Introduction ......................................................................................................... 180 
6.3 Experimental Study ............................................................................................. 186 
6.3.1 Material and testing procedure.................................................................... 186 
6.3.2 Linear ultrasonic testing (LUT) set-up and waveform analysis .................. 188 
6.4 Results and Discussion ....................................................................................... 192 
6.4.1 Evaluation of the 2D-DIC measurements ................................................... 192 
6.4.2 2D-DIC full-field strain measurements under uniaxial loading ................. 196 
6.4.3 T-mode and R-mode LUT measurements with uniaxial loading ................ 202 
6.4.4 Explicit correlation of the T-mode and R-mode ultrasonic changes           
with rock damage ....................................................................................... 205 
xi 
 
6.4.5 Correlation between T-mode and R-mode energy at different stages             
of damage ................................................................................................... 211 
6.5 Conclusions ......................................................................................................... 215 
6.6 Acknowledgements ............................................................................................. 217 
CHAPTER 7 THESIS CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORK ....... 218 
7.1 Major Conclusions .............................................................................................. 220 
7.1.1 Effect of transducer frequencies on LUT-based characterization of           
rock damage ................................................................................................ 220 
7.1.2 NLUT-based characterization of rock damage processes ........................... 221 
7.1.3 Explicit correlation between ultrasonic attenuation and rock damage ....... 222 
7.1.4 Experimental investigation of strain-field heterogeneity in rocks .............. 222 
7.1.5 Application of reflected ultrasonic waves for rock damage       
characterization ........................................................................................... 224 
7.2 Major Contributions ............................................................................................ 225 
7.3 Variability and Uncertainty in Experimental Results ......................................... 227 
7.4 Recommendations for Future Research .............................................................. 227 
REFERENCES ........................................................................................................................... 230 
APPENDIX A SEISMIC-CI AND SEISMIC-CD ESTIMATION.......................................... 267 
APPENDIX B SUPPLEMENTAL DATA .............................................................................. 269 
APPENDIX C SCIENTIFIC CONTRIBUTION ..................................................................... 273 




LIST OF FIGURES 
Figure 2-1 Schematic representation of the stages involved in rock damage process;             
shown through a typical stress-strain diagram (modified from Hoek and Martin, 
2014; Walton et al., 2017). ........................................................................................ 27 
Figure 2-2 Lyons sandstone (LS) specimen shown with the Ultrasonic Imaging Area (UIA).    
The UIA was divided into 501 equidistant cross-sectional slices. ............................ 33 
Figure 2-3 Pore size distribution in the intact Lyons sandstone specimen. .................................. 34 
Figure 2-4 Schematic representation of the set-up at the Colorado School of Mines for 
performing ultrasonic-based damage monitoring. ..................................................... 36 
Figure 2-5 Typical UCS set-up in combination with the ultrasonic transducers for           
ultrasonic monitoring of damage evolution in Lyons sandstone. .............................. 37 
Figure 2-6 The locations along the specimen S0 where the ultrasonic P-wave velocity 
measurements were carried out. (b) The view of the X-X’ section which shows       
the orientation of the transducer source-receiver ....................................................... 39 
Figure 2-7 Comparison of the ultrasonic signals transmitted by the four types of ultrasonic 
transducers through intact Lyons sandstone specimens. ........................................... 42 
Figure 2-8 Comparison of the longitudinal ultrasonic signals at different magnitudes of the 
uniaxial stress. ............................................................................................................ 44 
Figure 2-9 (a) Full time-domain ultrasonic signals transmitted through aluminum specimen,     
and the corresponding main pulse; (b) main ultrasonic pulse obtained for        
different transducer central frequencies, and the taper of 2.56 µs; and (c) the 
frequency spectra for the transmitted signals. ........................................................... 46 
Figure 2-10 Comparison of the P-wave frequency-amplitude spectra of the ultrasonic          
signals at different magnitudes of the uniaxial stress. ............................................... 47 
Figure 2-11 (a) Stress-strain plot for the specimen S3. Plot also shows the CI crack strain.        
(b) CD threshold identified through tangent modulus curve. .................................... 48 
Figure 2-12 Normalized amplitude-stress relationship for the uniaxially loaded specimens          
of Lyons sandstone. ................................................................................................... 49 
Figure 2-13 First-order derivative of the amplitude-stress curve shown in Figure 2-11, where      
A is the amplitude of the ultrasonic wave and P is the percent failure ...................... 51 
Figure 2-14 Normalized mean frequency variation with percent stress relationship for the 
uniaxially loaded specimens of Lyons sandstone. ..................................................... 56 
xiii 
 
Figure 2-15 (a) Shape of the ultrasonic/seismic beam (b) variation of the amplitude         
ultrasonic beam (modified from Hellier, 2001). ........................................................ 57 
Figure 2-16 Normalized velocity-stress relationship for the uniaxially loaded specimens of    
Lyons sandstone. ........................................................................................................ 59 
Figure 2-17 Normalized (a) amplitude-stress (b) mean frequency-stress (c) velocity-stress 
relationship for the uniaxially loaded specimens of Lyons sandstone        
ultrasonically monitored by the 1 MHz transducers. ................................................. 60 
Figure 2-18 The frequency-amplitude spectrum of the 1 MHz ultrasonic signals transmitted 
through an aluminum specimen. ................................................................................ 61 
Figure 2-19 Statistical representation of the (a) CI thresholds (b) CD threshold as estimated       
by strain analysis and the changes in the ultrasonic wave characteristics for all        
the specimens.. ........................................................................................................... 61 
Figure 3-1 The rock types used in the study. From left to right, Lyons sandstone (LS), 
granodiorite (G), and Gosford sandstone (GS) respectively ..................................... 78 
Figure 3-2 (a) Typical UCS set-up in combination with the ultrasonic transducers. (b) The 
experimental equipment used for the SSM ultrasonic measurements ....................... 80 
Figure 3-3 Superposition of the linear reference signal (solid red line) on the high voltage       
non-linear signal (dotted black line) .......................................................................... 84 
Figure 3-4 Characterization of the different rocks and the aluminum through their non-          
linear signature by the application of SSM technique, where increasing output 
voltage implies increasing input excitation ............................................................... 87 
Figure 3-5 Stress-strain behavior under monotonic loading where, AS denotes axial strain,        
RS denotes radial strain, CS denotes crack strain and TM denotes tangent     
modulus...................................................................................................................... 89 
Figure 3-6 θ with output voltage at different levels of damage progression, where, the       
different color lines represent certain level of damage in the specimens                   
(see LS-2). .................................................................................................................. 94 
Figure 3-7 Variation of the non-linear indicator θ with loading for the rock specimens:            
GS-2, 3, 4; G-2, 3, 4 and LS-2, 3, 4 ........................................................................... 95 
Figure 3-8 The changes in the linear attribute of the ultrasonic waves (amplitude) with       
loading for the rock specimens LS-4, G-3 and GS-3.. ............................................... 96 
Figure 3-9 The scatter plot of the non-linear θ values with damage of all the NLUT-SSM       
tests conducted on each type of the rock at a constant output amplitude of 0.1 V.. .. 97 
xiv 
 
Figure 4-1 A solid body moving from its reference configuration δ(X) to the current 
configuration δ’(X’) from time t=0 to any time t. The position of the material       
point P with respect to the global coordinate system (x, y, z) is X in the          
reference configuration and X’ in the current configuration. .................................. 109 
Figure 4-2 The experimental set-up used for synchronously capturing the geophysical     
signatures of damage using the 2D-DIC and LUT procedures.. .............................. 113 
Figure 4-3 Schematic diagram of the 2D-DIC set-up for in-plane full-field measurement of 
displacements.. ......................................................................................................... 116 
Figure 4-4 (a) Digital image of the speckle pattern produced on specimen LSP-2 through       
spray painting. (b) The distribution of gray-scale intensity values in the speckle 
patterns generated on the surfaces of the three Lyons sandstone specimens .......... 117 
Figure 4-5 Comparison of the typical longitudinal ultrasonic signals at different           
magnitudes of the failure stress (UCS) for LSP-1. .................................................. 118 
Figure 4-6 Comparison of the percent failure stress-axial strain plots obtained from the       
LVDT and the 2D-DIC measurements respectively ................................................ 124 
Figure 4-7 Full-field profile of the major (ε11) and minor (ε22) principal strains obtained by     
2D-DIC at different stress levels.. ........................................................................... 129 
Figure 4-8 Histograms showing the distribution of strain in the local UIA regions for the          
three Lyons sandstone specimens ............................................................................ 130 
Figure 4-9 The procedure followed for the calculation of the critical strain limit εc, where:         
(a) specimen-scale; (b) pixel-scale (which depends on strain resolution); and           
(c) grain-scale .......................................................................................................... 131 
Figure 4-10 Variation of (a) total apparent tension εTAT, and, (b) non-elastic apparent          
tension εNEAT as a function of loading for the rock specimens LSP-1, 2, 3 at the     
three UIA locations. ................................................................................................. 132 
Figure 4-11 Variation of ultrasonic wave amplitude as a function of loading for the rock 
specimens LSP-1, 2, 3 at the three UIA locations. .................................................. 137 
Figure 4-12 Correlation between the ultrasonic wave amplitude and the stress-induced        
strains in the Lyons sandstone specimens at the three UIA locations ..................... 139 
Figure 5-1 Rock types considered in this study. ......................................................................... 153 
Figure 5-2 The experimental design employed for synchronously capturing the evolution           
of the full-field strains using the 2D-DIC procedure under uniaxial loading       
conditions (Shirole et al., 2019a).. ........................................................................... 155 
xv 
 
Figure 5-3 Comparison of the percent failure stress-axial strain plots obtained from the        
LVDT and the 2D-DIC measurements respectively. (Modified from Shirole              
et al. (2019a)) ........................................................................................................... 168 
Figure 5-4 Full-field profile of the minor (ε22) principal strain computed from the 2D-DIC 
analysis at different stress levels for the three rock types ....................................... 169 
Figure 5-5 Plot of major principal strain (ɛ11) and minor principal strain (ɛ22) for uniaxially 
loaded specimens of Lyons sandstone (LS), Barre granite (BG), and Stanstead 
granite (SG) ............................................................................................................. 170 
Figure 5-6 Strain-field and the selection of gauge length (GL) for multi-scale study. The       
strain-field is divided into N effective square-boxes based on the GL, and the     
strains are calculated at the center node (x, y) of each box.. ................................... 171 
Figure 5-7 Measurement showing the variation in the strain-field heterogeneity (δGL) at    
different gauge lengths (GL). .................................................................................. 173 
Figure 5-8 Variation of the strain-field heterogeneity (δGL) with loading for the three rock 
specimens. ................................................................................................................ 174 
Figure 5-9 The variation in the RVE length-scale with the evolution of damage in the three 
rocks. (a) Lyons sandstone (LS); (b) Barre granite (BG); and (c) Stanstead        
granite (SG). ............................................................................................................ 175 
Figure 6-1 A simple schematic representation of the: (a) T-mode linear ultrasonic testing          
set-up; (b) R-mode linear ultrasonic testing set-up .................................................. 182 
Figure 6-2 The schematic of the experimental set-up used for simultaneously monitoring           
the progression of damage in the rock specimens using the 2D-DIC and the          
LUT procedures.. ..................................................................................................... 187 
Figure 6-3 Typical compressional ultrasonic signals obtained from specimen SG-1 under     
stress-free condition, where: (a) directly transmitted (T-mode) ultrasonic           
signal; and (b) reflected (R-mode) ultrasonic signal. .............................................. 189 
Figure 6-4 Spectrograms showing the frequency-time plots of the ultrasonic signals under       
zero stress condition as analyzed using the wavelet analysis for SG-1. .................. 193 
Figure 6-5 Comparison of frequency-spectral amplitude spectrum of the ultrasonic signals          
at different magnitudes of the uniaxial stress for specimen SG-1. .......................... 194 
Figure 6-6 Comparison of the percent failure stress‐axial strain plots obtained from the        
LVDT and the 2D‐DIC measurements respectively, for the three specimens ........ 195 
Figure 6-7 Full-field profile of the minor (ε22) principal strain obtained by 2D-DIC at        
different stress levels for the specimen SG-1 .......................................................... 199 
xvi 
 
Figure 6-8 Variation of the total apparent tension εTAT as a function of loading for the rock 
specimens SG‐1, SG‐2, and SG‐3 at the UIA location. ........................................... 200 
Figure 6-9 Variation of the total apparent shear strain εTAS as a function of loading for the      
rock specimens SG‐1, SG‐2, and SG‐3.. ................................................................. 206 
Figure 6-10 Full-field profile of the nominal (εxy) shear strain obtained by the 2D-DIC     
procedure at different stress levels for the specimen SG-1. .................................... 207 
Figure 6-11 Variation of energy of the ultrasonic waves as a function of loading for the           
rock specimens SG‐1, SG ‐2, and SG ‐3 at the UIA. ............................................... 209 
Figure 6-12 Correlation between the spectral energy of the ultrasonic waves with the            
stress-induced strains at different stages of loading in the Stanstead granite   
specimen. ................................................................................................................. 213 
Figure 6-13 Correlation between the T-mode energy and the R-mode energy of the         
ultrasonic waves at different stages of loading for the three rock specimens ......... 214 
Figure A-1 The First-order derivative of the amplitude-stress curve, where A is the         
amplitude of the ultrasonic wave and P is the percent failure................................. 268 
Figure B-1 Variation of energy of the ultrasonic waves as a function of loading for the           





LIST OF TABLES 
Table 2-1 The ultrasonic P-wave velocity of LS specimen S0 at seven different source-     
receiver transducer arrays for the characterization of velocity anisotropy in             
the specimen .............................................................................................................. 40 
Table 2-2 The ultrasonic P-wave velocity along the bedding plane of the 12 Lyons          
sandstone specimens, as used in the study. ................................................................ 40 
Table 2-3 Characteristics of the ultrasonic transducers and the associated ultrasonic waves.     
The ultrasonic P-wave velocity is taken from values in Table 2-2. ........................... 42 
Table 2-4 Comparison of the crack initiation (CI) thresholds as estimated by strain analysis     
and the changes in the ultrasonic wave characteristics. ............................................. 62 
Table 2-5 Comparison of the crack damage (CD) thresholds as estimated by strain analysis and 
the changes in the ultrasonic wave characteristics .................................................... 62 
Table 3-1 CI and CD thresholds of the monotonically loaded rock specimens estimated      
through the conventional approach. ........................................................................... 90 
Table 4-1 Characteristics of the ultrasonic waves propagating through the Lyons             
sandstone specimens.. .............................................................................................. 118 
Table 4-2 Comparison of the slopes of the percent failure-axial strain plots obtained from          
the DIC and LVDT measurements at 50% of the failure stress .............................. 125 
Table 5-1 Physical and mechanical properties of the rock types considered in this study. ........ 152 
Table 5-2 Comparison of the slopes of the percent failure-axial strain plots obtained from         
the DIC and LVDT measurements at 50% of the failure stress .............................. 156 
Table 6-1 Comparison of the slopes of the percent failure-axial strain plots obtained from         
the 2D-DIC and LVDT measurements at 50% of the failure stress ........................ 196 
Table 6-2 CI and CD thresholds of the uniaxially loaded rock specimens estimated through       
the strain computed by the 2D-DIC procedure. ....................................................... 196 
Table 7-1 Summary of the experiments as conducted in this thesis to meet the thesis      
objectives. ................................................................................................................ 219 
Table B-1 Uniaxial compressive strength (UCS) of the Lyons sandstone (LS) specimens,           
as used in the study..................................................................................................................... 270 
Table B-2 Uniaxial compressive strength (UCS) of the Granodiorite (G) specimens, as used       
in the study. .............................................................................................................. 270 
xviii 
 
Table B-3 Uniaxial compressive strength (UCS) of the Gosford sandstone (GS) specimens,       
as used in the study. ................................................................................................. 271 
Table B-4 Uniaxial compressive strength (UCS) of the Stanstead granite specimens, as           
used       in the study. ............................................................................................... 271 
Table B-5 Uniaxial compressive strength (UCS) of the Barre granite specimens, as used in       
the study. .................................................................................................................. 272 
Table B-6 The specific stress corresponding to the shear damage initiation (SDI) and the      







I had never imagined that a day will come when I will be writing this “crucial” part of my 
thesis, and therefore, I am writing this with mixed emotions.  
Studying at the prestigious Colorado School of Mines (“Mines”, as “we” Orediggers call 
it) was a great honor for me. My journey at Mines was filled with numerous titanic project-like 
home assignments, class tests, research meetings, and many sleepless nights working in the 
laboratory, designing experiments (my spatial coordinates in Brown 155 will remain with me 
throughout my life). I would like to express sincere gratitude towards my Ph.D. advisors, Dr. 
Ahmadreza Hedayat and Dr. Gabriel Walton, for their guidance and encouragement throughout 
my research. I will always be indebted to them for their directions and teachings, which not only 
helped me in evolving as an efficient problem-solver but also as a more complete human-being. I 
feel honored and fortunate to have had the opportunity to learn from them and to be a part of 
their research group. I am also grateful to Professors John Berger, Mike Mooney, and Jamal 
Rostami for serving in my Ph.D. committee and for guiding me through my research. I am also 
thankful to Dr. Ehsan Ghazanfari, Prof. Lev Ostrovksy, and Dr. Hossein Masoumi for their 
scientific and technical inputs at various stages of my research.  
Special acknowledgment to my teacher from IIT Delhi, Prof. K.G. Sharma, who was, and 
will be, the inspiration behind my Ph.D. and future endeavors.     
I will like to appreciate the help given to me by Dr. Omid Frough in the rock cutting 
laboratory at Mines. I am also thankful to many of my great colleagues at Mines: Sankhaneel 
Sinha, Ketan Arora, Amin Gheibi, Vivek Kashyap, Prasoon Garg, Ana Gladkina, Brett Kravitz, 
xx 
 
Bradley Meyer, Rajat Gangrade, John Hinton, Lane Boyd, and Tamir Epel. Discussions with 
Sankhaneel, Amin and Ketan were very helpful in avoiding tunnel-vision in my approach 
towards research. 
I am indebted to my parents, Deepak Shirole and Meena Shirole, for their continuous 
love and encouragement, which played a crucial role in my journey for a doctorate. My sister, 
Ojaswee, has also been a constant source of encouragement for me. Finally, I want to thank from 
the bottom of my heart, Vaishnavi, for being my biggest supporter, my thesis editor, my constant 
source of energy, and most importantly, a patient, considerate, caring and loving partner.  
The research was supported by the U.S. Department of Energy, Office of Basic Energy 
Sciences, under Award Number DE‐SC0019117. Additional support provided by the Colorado 













To the most intelligent person, I have ever known, 
To the most industrious person, who motivated me to pursue higher studies, 















CHAPTER 1  
THESIS INTRODUCTION 
1.1 Introduction and Motivation 
It is important to identify the signatures of rock damage processes and comprehend the 
associated damage mechanisms when studying a number of distinct phenomena: genesis of 
earthquakes, nucleation of faults, wellbore fracking in oil and gas reservoirs, thermal damage 
processes in nuclear waste repositories, damage related to carbon sequestration processes, 
formation of excavation damage zones (EDZ) in deep underground structures, rock burst 
dynamics, damage to rock based bridge abutments, stability of rock slopes, etc. (Renaud et al., 
2012; Riviere et al., 2015). For this purpose, it is imperative to develop techniques that allow 
accurate tracking of damage evolution in rocks and rock masses. Ultrasonics, based on research 
advances over the last half-century, has become the primary approach for non-destructive 
characterization of a variety of materials. This is because ultrasonic wave propagation is 
influenced by the microstructural variables (e.g. mineral grains and contacts among the mineral 
grains, geometry of the grain structure, and damage) present in a material medium. Ultrasonics 
also offers the following distinct advantages over conventional destructive evaluation techniques 
(e.g. pressure tests, fatigue tests, scanning electron microscopy (SEM) inspection, etc.): (1) easy 
and cost-effective implementation for in-place inspection of structures or materials of interest; 
(2) capability to allow continuous in-situ damage monitoring without any interruption in the 
serviceability of the structures; and (3) no destruction in the structure or materials of interest 
while inspection (Nogueira and Willam, 2001; Training Course Series No. 17, 2002). 
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Nevertheless, ultrasonic evaluations are implicit in nature, and consequently require examination 
in controlled settings prior to its field application. Subsequently, ultrasonic-based techniques 
have been employed since the ~1950s - in controlled laboratory environments - for the 
evaluation of its potential to accurately diagnose the mechanical (damage) characteristics of 
rocks under various loading conditions (Hughes and Cross, 1951; Birch, 1964; Pyrak-Nolte, 
1988; Lockner, 1993; Wulff et al., 1999; Roe et al., 2007; Acosta-Colon et al., 2009; Marad-
Morani et al., 2014; Hedayat et al., 2014a,b; Ghazvinian, 2015; Shokouhi et al., 2017; Barnhoorn 
et al., 2018; Jiang et al., 2018; Petruzalek et al., 2019; Uyanik et al., 2019). However, despite 
technical advancements and execution of numerous studies for studying the applicability of 
ultrasonics as a tool for rock damage characterization, a lot of questions remain unanswered 
pertaining the use of ultrasonics for evaluation of rock damage processes. Subsequently, the 
main motivation of this thesis is to advance the application of the ultrasonic testing method in 
conjunction with the non-contact digital image correlation procedure for an improved 
interpretation of the rock damage physics and characterization of the associated damage 
processes. This will contribute towards an enhancement in the understanding of rock damage 
physics, and will ultimately lead to advances in the application of ultrasonics for rock damage 
characterization.  
1.2 Research Needs and Objectives 
The linear ultrasonic testing (LUT) approach has been extensively used over the years in 
continuous monitoring of damage evolution and associated damage processes in rocks. These 
numerous LUT-based studies fail to address the rationale behind the use of a particular size and 
frequency of ultrasonic transducers. As damage-induced changes in LUT measurements are a 
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frequency-dependent phenomenon, it is imperative to investigate the effect of the transducer 
characteristics on the LUT measurements. Additionally, it is also important to identify the most 
sensitive linear ultrasonic wave parameter (amplitude, frequency, velocity) to capture the 
evolution of damage in rocks (the Crack Initiation (CI) and Crack damage (CD) threshold). For 
this, it is critical to perform a comparative study highlighting the changes in these linear wave 
parameters with damage accumulation in rocks, and subsequently, characterize the CI and CD 
damage thresholds through the analysis of these changes.  
The LUT approach is inefficient in identifying the evolution of small-scale growth of 
microcracks in materials. Accordingly, the LUT measurements may fail to detect low to 
moderate levels of damage manifestations in rocks (Van Den Abeele and Visscher, 2000; 
Shokouhi et al., 2010). Non-linear ultrasonic testing (NLUT) methods that capture the non-linear 
component of the ultrasonic waves, arising due to the non-linear elasto-dynamic response of a 
material, have been found to be very sensitive in easily detecting low levels of damage in wide 
spectrum of materials (Roe et al., 2007; Worden et al., 2008; Munoz et al., 2015). Therefore, as 
part of this research work, the sensitivity of the non-linear component of the ultrasonic waves to 
identify the different stages of damage progression in rocks will be examined. 
Even though comprehensive work has been performed involving the LUT method as a 
tool for capturing damage processes in various applications, a key limitation of these LUT‐based 
studies to date is the lack of explicit evidence in associating the material damage with the 
changes in measured LUT attributes (e.g., ultrasonic wave amplitude and velocity). In order to 
enhance the reliability of the ultrasonic measurements towards the interpretation of damage 
evolution in rocks, and experimentally confirm the primary material deformation mechanism 
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which dominantly effects ultrasonic changes, it is of interest to explicitly correlate the changes in 
LUT attributes with the evolution of rock damage features (e.g. microcracks, regions of strain 
concentration; Yang et al., 2018).  
Rocks have inherently heterogeneous microstructures. Numerical studies have 
demonstrated that the macroscopic mechanical behavior of rocks is primarily governed by the 
response of these microstructures, as it causes multi-scale spatial heterogeneity in the strain-field 
of rocks, which can act as a potential source of damage nucleation in brittle rocks. However, 
experimental studies to study the role of stress and strain heterogeneity in rock damage processes 
and validate the numerical (computational) observations are still very limited. Subsequently, an 
experimental technique that can highlight the role of strain-field heterogeneity in the evolution of 
rock damage needs to be implemented for furthering the knowledge on rock damage processes.  
The ultrasonic wave reflection (R-mode) technique, which requires one contact surface in 
comparison to the two contact surfaces required for ultrasonic wave transmission (T-mode), has 
not been given much attention, considering that it has great application at the field-scale (Angel 
and Bolshakov, 1998). Prior to field application, the capability of R-mode LUT to characterize 
damage in intact rocks in a controlled laboratory environment needs to be established. However, 
R-mode LUT has been scarcely employed in studying intact rock damage processes, with the 
majority of the studies utilizing the T-mode LUT. Subsequently, it is important to concurrently 
employ T-mode (directly transmitted ultrasonic waves) and R-mode LUT (reflection ultrasonic 
waves) for the comparison of the capability of these two modes of LUT in the characterization of 
damage evolution in intact rocks. This is, perhaps, the first study which employs the R-mode 
LUT for damage monitoring in laboratory-scale intact rock specimens. 
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With all this in mind, to advance the knowledge on the rock damage evolution processes 
by the application of ultrasonic and image-based testing procedures, the following research 
objectives have been pursued: 
 Objective 1 
Evaluate the potential of the LUT method for characterization of progressive damage 
processes in rocks and critically analyze the significance of transducer characteristics for LUT 
measurements. 
 Objective 2 
Test the hypothesis that the non-linear component of the ultrasonic waves has increased 
sensitivity towards detection of damage evolution processes in rock materials. 
 Objective 3 
Associate the changes in LUT attributes (e.g. amplitude) to specific damage evolution 
mechanisms by analysis of the full-field surficial strains in the damaged specimens. 
 Objective 4 
Investigate the influence of rock microstructural heterogeneity on its damage processes 
by multi-scale full-field strain measurements. 
 Objective 5 
Characterize the intact rock damage processes by simultaneous application of directly 
transmitted (T-mode) and reflected (R-mode) linear ultrasonic waves. 
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The author believes that by accomplishment of the above objectives, the processes 
associated with damage evolution in rocks will be documented in greater detail, and the potential 
for application of ultrasonic-based techniques for the evaluation of damage in rocks will be 
expanded. 
1.3 Relevant Literature and Methods For Rock Damage Characterization 
This section presents a brief overview of the relevant literature that was reviewed for the 
development of the research objectives as discussed in Section 1.2. Detailed reviews of the 
literature associated with “Objective 1”, “Objective 2”, “ Objective 3, “Objective 4”, and “ 
Objective 5”  are presented in “Chapter 2”, “Chapter 3”, “ Chapter 4, “Chapter 5”, and “ Chapter 
6”, respectively.  
1.3.1 Conventional approach for characterization of rock damage processes 
Numerous studies have been conducted over the years to analyze the processes associated 
with intact rock damage (e.g. Brace, 1964; Wawersik and Fairhurst, 1970; Martin and Chandler, 
1994; Hedayat, 2013; Hoek and Martin, 2014; Ghazvinian et al., 2012; Walton, 2014; Bogusz 
and Bukowska, 2015; Modiriasari et al., 2018). Based on the pre-peak stress-strain behavior of 
rocks under compressive loading, these studies found that the damage evolution in intact rocks is 
a progressive process, in which damage (stable microcracking) initially nucleates at the 
microstructural grain boundaries of the rock volume at relatively low levels of load (e.g. ~25% to 
50% of the rock’s peak strength). With further increase in the load, these microcracks 
accumulate throughout the rock volume and interact, leading to the formation of a major fracture 
plane at the uniaxial compressive strength (UCS) of the rock volume. The stress at which 
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microcracks initiate in the rock volume is termed as the crack initiation (CI) stress threshold, 
while the stress at which microcracks interact and start to coalesce is termed as the crack damage 
stress threshold (CD). CI and CD are regarded as true mechanical properties of rocks, while the 
mechanical behavior of the rocks at stresses above this threshold is a function of loading or 
testing conditions (Martin and Chandler, 1994; Diederichs, 2007; Ghazvinian, 2010; Walton, 
2014). 
Traditional shear failure criteria over-estimate the in-situ strength of rocks at low 
confining stresses by not accounting for the progressive nature of damage in rock, although, it is 
important to characterize these progressive processes, as it has been observed that in-situ rocks 
tend to fail before the laboratory-determined peak strength (UCS) (Martin, 1997; Diederichs, 
2003; Ghazvinian, 2015). Subsequently, for realistic prediction of the in-situ mechanical 
behavior of rock, it is important to account for the progressive damage evolution in rocks by the 
characterization of these (CI and CD) damage thresholds (Diederichs and Martin, 2010; Peng et 
al., 2017). The CI and CD thresholds of rocks can be characterized through conventional 
laboratory-scale experiments on intact rock specimens. The traditional approach of CI and CD 
characterization is based on the examination of the stress-strain response curves of intact rock 
specimens progressively loaded to failure. The CI and CD thresholds are estimated through the 
analysis of the stress magnitude at which damage-induced changes in the slope of the stress-
strain curves become evident (Bieniawski, 1967a,b; Stacey, 1981; Martin and Chandler, 1994; 
Eberhardt et al., 1998; Nicksiar and Martin, 2012; Ghazvinian, 2015; Shirole et al., 2017a). 
Although this approach is well-established and has been used widely for damage characterization 
in rocks, it still suffers from some limitations. Eberhardt (1998) showed that, in some cases, the 
initial non-linearity in the stress-strain response curves can lead to a degree of uncertainty in the 
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accurate estimation of the CI and CD thresholds. Eberhardt et al. (1998), Andersson et al. (2009) 
and Fei and Chi (2014) also showed that the stress-strain analysis approach for detection of CI 
and CD in rocks is susceptible to a high degree of uncertainty due to the subjective nature of the 
stress-strain data interpretation process. Furthermore, the application of the strain measurement 
technique in-situ to allow for monitoring of fracturing processes is challenging (Shirole et al., 
2017a). Strain-based methods are also incapable of providing information on the effect of the 
microstructural rock heterogeneity on the damage evolution processes.  
Another approach that has been traditionally implemented for rock damage 
characterization is based on the analysis of the acoustic energy (Acoustic Emissions, or AEs), 
released by the microcracking-induced events in the rock volume (Mogi, 2007; Lisjak et al., 
2013). AE has been widely used in numerous laboratory-scale experiments for the assessment of 
progressive failure processes in rocks (Scholz, 1968; Ohnaka and Mogi, 1982; Lockner et al., 
1993; Pestman and Munster, 1996; Eberhardt et al., 1997; Thompson et al., 2006; Ghazvinian, 
2015). Nicksiar and Martin (2012) and Ghazvinian (2015) found that for some rocks, the low 
energy of AE signals can make the characterization of rock damage (CI and CD) a challenging 
task. Also, the choice of the AE threshold for monitoring of damage processes can be subjective 
or arbitrary, which may lead to errors in some cases. The time-domain characteristics of acquired 
acoustic signals are also dependent on multiple factors like: (1) the frequency of the emitted 
acoustic wave and the capability of the AE transducers to detect these frequencies; (2) the 
transducer-rock coupling, and (3) the distance between the AE transducers and the AE events 
(Hardy, 2003). Subsequently, these factors can lead to inaccuracies in the AE-based 
characterization of rock damage processes. A potential alternative to passive AE monitoring is to 
use the ultrasonic technique (linear or non-linear) described in detail in the next sections. 
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1.3.2 Linear ultrasonic testing (LUT) method 
The ultrasonic technique employs an active source transducer to transmit electrically 
generated ultrasonic waves in real-time across a solid medium to an assembly of receiving 
transducers on the other end (this is also termed as the direct transmission mode or the T-mode). 
As these ultrasonic waves are capable of imaging the microstructural modulations in a material 
medium, they have been extensively employed for non-destructive characterization of a wide 
variety of materials (metals, soil, rock, concrete, etc.). Linear ultrasonic testing (LUT) is the 
more traditional form of the ultrasonic testing, in which the changes in the linear 
acoustic/ultrasonic wave parameters (i.e. pulse velocity, amplitude, and frequency shifts) are 
monitored for estimating local changes in the physical properties of a medium as it is damaged.  
Studies utilizing the LUT approach have been extensively employed for: (1) the 
evaluation of rock anisotropy (Nur and Simmons, 1969; Nur, 1971; Gupta, 1973; Modiriasari, 
2017); (2) the characterization of stress-induced microstructural changes in the material medium 
(Jones, 1952; Sayers et al., 1990; Scott et al., 1993; Wulff et al., 1999; Ghazvinian, 2015; Shirole 
et al., 2017a; Barnhoorn et al., 2018; Shirole et al., 2019a); (3) the evaluation of the mechanical 
properties of fractures (Pyrak-Nolte, 1988; Pyrak-Nolte et al., 1990a,b; Chen et al., 1993; 
Hedayat et al., 2013; Hedayat and Walton, 2017); and (4) for investigation of the dynamic 
processes related to shear failure in synthetic and natural rock joints (e.g. Hedayat et al., 2012; 
2013; 2014a,b,c,d; Gheibi and Hedayat, 2018). These studies demonstrated the efficacy of LUT-
based measurements in characterization of various rock damage processes, and are a testament to 
the wide-ranging applications of the LUT approach. However, all the aforementioned studies, 
importantly, fail to provide the rationale for the frequency of the ultrasonic transducers as 
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employed for the LUT measurements (Shah and Chandra, 1970; Basu and Aydin, 2006; Shirole 
et al., 2017a). Furthermore, these studies also fail to analyze the comparative changes in the 
linear ultrasonic wave parameters (amplitude, frequency, velocity) with damage accumulation in 
the rock specimens, and the subsequent identification of the most sensitive wave parameter(s) for 
the characterization of the CI and CD thresholds. Filling the gaps in LUT testing due to these 
aforementioned missing elements will aid in further development of LUT as a tool for rock 
damage characterization, as it has significant advantages relative to strain measurement and 
passive monitoring (e.g. AE-based) techniques.  
1.3.3 Non-linear ultrasonic testing (NLUT) method 
The ultrasonic testing approach can be further classified into the linear ultrasonic testing 
(LUT) methods and the non-linear ultrasonic testing (NLUT) methods, based on whether the 
linear or non-linear component of the ultrasonic waves is investigated. Studies have shown that 
linear LUT wave parameters (amplitude, frequency, velocity) are insensitive to identify the 
evolution of low levels of damage manifestations in rocks (e.g. damage close to the CI threshold) 
(Nagy, 1998; Shokouhi et al., 2010). Furthermore, the accuracy of the LUT-based measurements 
for damage characterization purposes is dependent on the ultrasonic wave frequencies (Shah and 
Chandra, 1970; Aydin and Basu, 2006). Subsequently, it is important to employ ultrasonic-based 
techniques, other than LUT methods, that can facilitate characterization of low to moderate 
levels of damage progression in rocks, as it is important for damage characterization in sensitive 
structures, such as underground nuclear waste repositories (Nicholson and Bouxsein, 2000; Van 
Den Abeele and Visscher, 2000; Shokouhi et al., 2010).   
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NLUT-based methods have exhibited the capability to characterize low levels of damage 
in numerous materials (Nicholson and Bouxsein, 2000; Van Den Abeele and Visscher, 2000; 
Shokouhi et al., 2010). NLUT approaches utilize the non-linear elastic response in rocks 
originating at dynamic level of strains (10-6 to 10-9, strains due to a propagating ultrasonic wave), 
for ultrasonic-based (non-destructive) characterization of the microstructural changes in rocks. In 
rocks, the non-linear response originates particularly due to the presence of ‘inhomogeneous 
features or defects’ (microcracks, grain-boundaries, joints, debonding, delamination, crystal 
lattice, materials of different acoustic impedance, etc.) and due to the presence of ‘hysteretic 
mechanical features’. It is because of these two features that rocks robustly exhibit a non-
classical non-linear elastic behavior over dynamic levels (10-6 to 10-9) of strain, which 
subsequently results in a discontinuous relationship between the rock’s elastic properties and the 
dynamic strain amplitudes (Haupert et al., 2011; Munoz et al., 2015). This results in a strain 
(amplitude)-dependent response from rocks, even at dynamic levels of strain.  
Numerous NLUT techniques, based on measuring this strain-dependent material 
response, have been developed over the years: (1) the Finite Amplitude technique (FA) 
(Breazeale and Thompson, 1963; Zheng et al., 1999; Shah and Hirose, 2009); (2) Non-linear 
Resonant Ultrasound Spectroscopy (NRUS) (Johnson et al., 1996; Johnson et al., 2004); (3) 
Non-linear Wave Modulation Spectroscopy (NWMS), which involves wave mixing procedures 
(Munoz et al., 2015); and (4) the Dynamic Acousto-Elastic Technique (DAET) (Winkler and 
Xiu, 1996; Lillamand et al., 2010; Renaud et al., 2012; Haupert et al., 2014; Riviere et al., 2015). 
In the same group of non-destructive ultrasonic techniques exploiting the non-linear features of 
the elastic response for damage characterization, lies the Scaling Subtraction Method (SSM) 
(Scalerandi et al., 2008; Bruno et al., 2009; Antonaci et al., 2010a,b; Porcu et al., 2017). The 
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NLUT-SSM technique has two distinct advantages, when compared with the aforementioned 
NLUT techniques like FA, NRUS and DAET, (1) it is very easy to implement, and (2) that the 
non-linear signature of the material response is made easily distinguishable by this method 
(Bruno et al., 2009; Antonaci et al., 2010a,b; Frau et al., 2015; Munoz et al., 2015; Porcu et al., 
2017). In this thesis, the potential of the NLUT-SSM approach to detect the signatures of the 
mechanical changes that accompanies a rock at different levels of damage will be evaluated with 
main focus on the detection of early damage manifestation in rocks. 
1.3.4 Correlation between LUT parameters and full-field surficial strains 
LUT has been extensively employed in numerous studies over the years as a tool for 
implicit characterization of damage evolution in various synthetic and natural materials (Jones, 
1952; Suaris and Fernando, 1987; Sayers et al., 1990; Scott et al., 1993; Cai and Zhao, 2000; 
Hildyard et al., 2005; Zhao et al., 2006; Acosta-Colon et al., 2009; Huang et al., 2014; Hedayat 
et al., 2014a; Ghazvinian, 2015; Modiriasari et al., 2017; Gheibi and Hedayat, 2018; Hedayat et 
al., 2018; Shirole et al., 2018a,b; Yang et al., 2018). These studies broadly found that damage 
progression in materials lead to attenuation in the ultrasonic wave transmission. The principal 
shortcoming of these aforementioned LUT-based studies is the implicit and qualitative nature of 
damage assessment, with no explicit demonstration of the effect of damage progression on the 
LUT attributes. Although the effect of damage (cracks, fractures) on ultrasonic wave 
transmission have been studied through numerous mathematical analytic models (Waterman and 
Truell, 1961; O’Connell and Budianski, 1974; Hudson, 1981; Pyrak-Nolte et al., 1990a,b; Gross 
and Zhang, 1992; Chaix et al., 2006; Blum et al., 2011; De Basabe et al., 2016), an explicit 
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experimental validation of correlation between progressive damage processes and ultrasonic 
wave transmission is still missing from the literature.  
The heterogeneous and diffuse nature of damage in progressively loaded intact rock 
specimens represents the main challenge in the experimental evaluation of the relationship 
between damage and ultrasonic wave transmission (Ferrero et al., 2008; Tang and Hudson, 2010; 
Dautriat et al., 2011). Accordingly, the relationship between stress-induced heterogeneous 
damage evolution and ultrasonic wave transmission has not been studied in detail. Therefore, it is 
crucial to design experimental procedures through which this relationship can be analyzed and 
evaluated. This is again challenging, as laboratory tests require the rock specimens to be 
destroyed, and also because it is difficult to measure full-field strain distributions in real-time 
throughout rock specimens under load (Peng et al., 2017). To overcome these challenges, 2-
dimensional Digital Image Correlation (2D-DIC) can be implemented, as it can provide full-field 
displacement and strain maps across a stressed rock specimen in real-time and without the need 
of contacting the specimen surface (Sutton et al., 2009; Song et al., 2013; Bourcier et al., 2013). 
Its effectiveness and easy practicality have made it a particularly useful tool for recording 
specimen deformation in several fields of experimental solid mechanics, material science and 
mechanical engineering (Sebastiani et al., 2011; Sadowski et al., 2013), civil engineering and 
structural health monitoring (Malesa et al., 2010), biomechanics (Sztefek et al., 2010), and 
medical sciences (Karimi et al., 2015). Consequently, through the application of the 2D-DIC 
procedure, the evolution of heterogeneous deformation fields in progressively stressed intact 
rock specimens can be quantified, which can be utilized for an explicit assessment of the 
influence of damage progression on ultrasonic wave transmission (LUT attributes).  
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1.3.5 Multi-scale strain-field heterogeneity and its relation to rock damage processes 
Rock is typically a heterogeneous material composed of different types of microstructural 
elements (Diederichs, 1999; Lan et al., 2010; Peng et al., 2017). This grain-scale heterogeneity is 
the source of inconsistency in the rock’s microstructural response to an applied external stress-
field, which consequently results in the evolution of a heterogeneous strain-field across the 
volume of laboratory-scale rock specimens; this has been previously observed in experimental 
studies performed for understanding the role of heterogeneity in damage evolution processes in 
brittle rocks (McCall and Guyer, 1994; Diederichs, 1999; Peng et al., 2017; Shirole et al., 
2018a,b). Most of these studies are based on traditional thin-section analysis techniques like 
scanning electron microscopy (SEM) or transmission electron microscopy (TEM) (Friedman et 
al., 1970; Hallbauer et al., 1973; Simmons and Richter, 1976; Kranz, 1983; Fonseka et al., 1985; 
Mardon et al., 1990; Vinegar et al., 1991; Moore and Lockner, 1995; Li, 2001; Tham et al., 
2003; Zuo et al., 2014). All these studies arrived at the general conclusion that rock damage 
processes are mainly governed by rock microstructural heterogeneity. The primary shortcoming 
of the aforementioned studies was their failure to measure the stress/strain distribution across the 
rock volume in real-time, as the thin-section analyses were performed post-failure under stress 
free conditions (Seo et al., 2002; Tham et al., 2003; Dautriat et al., 2011; Dai et al., 2019). This 
factor has limited our understanding of the influence rock microstructural heterogeneity on the 
progressive rock damage processes through conventional experimental thin-section analysis 
techniques (Tang and Hudson, 2010). Subsequently, grain-based (discontinuum) numerical 
techniques have been employed for the analysis of the effect of micro-scale heterogeneity on 
rock damage processes (Diederichs, 1999; Zhang et al., 2005; Li et al., 2006; Lan et al., 2010; 
Mahabadi et al., 2012; Lisjak et al., 2013; Fabjan et al., 2015; Duan et al., 2015; Liu et al., 2018; 
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Dai et al., 2019). These studies showed that the progression in strain-field heterogeneity leads to 
the evolution of damage in rocks. However, experimental investigation of the role of strain-field 
heterogeneity in the rock damage processes is important for the validation of these numerical-
based observations. The 2D-DIC technique can be employed for this purpose, as it provides 
information on the full-field deformations across the surface of a material.  
The macroscopic mechanical response of rocks evolves in a multi-scale heterogeneous 
manner progressing from micro-scale to meso-scale and eventually to the specimen-scale 
(Martin, 1997; Xia et al., 2002; Diederichs, 2003; Xu et al., 2005; Dautriat et al., 2011; Geers et 
al., 2017; Guo et al., 2017). In the course of this multi-scale progression, the magnitude of strain-
field heterogeneity at smaller-scales can be significantly larger than the magnitude of strain-field 
heterogeneity at the specimen-scale, as found by Xia et al. (2002), Xu et al. (2005), and Bourcier 
et al. (2013). As studies have concluded that damage evolution in rocks is associated with strain-
field heterogeneity, it is essential to experimentally characterize the multi-scale strain-field 
heterogeneity in rocks for a realistic evaluation of the actual state of damage in rocks 
(Diederichs, 1999; Lan et al., 2010; Fabjan et al., 2015; Liu et al., 2018; Dai et al., 2019). This 
will facilitate the estimation of the pertinent scales of measurement essential for illustration of 
the active state of damage in the rocks (Bourcier et al., 2013; Bargmann et al., 2018). This 
information can also be employed as a method of validation for computational models (Vales et 
al., 2004; Bornert et al., 2010).  
In common practice, the results from laboratory-scale experiments are usually employed 
in the determination of the macroscopic constitutive behavior of rocks. It is essential that these 
experimental measurements can capture the multi-scale behavior of rocks, and are independent 
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of the location on the specimen where the deformation measurements were carried out 
(especially because of the spatial heterogeneity in the strain-field) (Kim et al., 2010).  For this, it 
is important to characterize of the representative volume element (RVE) length-scales of the rock 
specimens at different stages of damage, as the RVE is representative of the mechanical and 
geometrical characteristics of a material microstructure (Luciano and Sacco, 1997; Liu, 2005; Li 
et al., 2015). Experimentally, the RVE length-scale is typically determined through the analysis 
of material geometrical attributes (Graham and Yang, 2003; Heggli et al., 2005; Kim et al., 2010) 
or through the analysis of material properties (Cho and Chasiotis, 2007; Gharahbagh and 
Fakhimi, 2010), although a robust and universal approach for defining the RVE length-scale is 
still undefined (Liu, 2005).  
1.3.6 Ultrasonic wave reflection (R-mode LUT) 
In most engineered structures on or in rock, only one side of the structural surface is 
available for non-destructive structural characterization. The ultrasonic wave reflection (R-mode) 
technique, which requires one contact surface, can be implemented for the non-destructive 
ultrasonic evaluation of these rock-based structures (Trtnik et al., 2013). Even though R-mode 
LUT is a practical approach for non-destructive evaluation of rock damage processes at the field-
scale, most of the fundamental laboratory-based studies related to ultrasonic evaluation of intact 
rock damage processes are based on directly transmitted ultrasonic waves (T-mode LUT). As 
described in Sections 1.3.2 and 1.3.4, the T-mode LUT approach has been successfully employed 
in numerous studies for diagnosis of the state of damage in rocks. However, field-scale 
application of T-mode LUT is limited by the fact that it requires two sides of a material surface 
for the ultrasonic evaluation (Trtnik et al., 2013; Trtnik and Gams, 2014). Accordingly, it is 
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necessary to develop the R-mode LUT approach for field-scale application of ultrasonic testing. 
Surprisingly, it has not been given much attention in the literature considering that it can be 
applied with relative ease (Angel and Bolshakov, 1998).  
R-mode LUT has been extensively studied primarily through analytical models for 
simulating wave-crack interaction process with limited laboratory-scale experimental work 
(Schoenberg, 1980; Angel and Achenbach, 1985; Sotiropoulos and Achenbach, 1988; Pyrak-
Nolte et al., 1990a,b; Mikata, 1995; Angel and Bolshakov, 1998). Palmer et al. (1981) used R-
mode LUT to evaluate the capability of the reflected waves to detect an artificially induced 
fracture in an intact granite slab (0.9×0.9×0.3 m). It was only recently that the R-mode LUT was 
implemented for near-continuous monitoring of the dynamic processes associated with rock-joint 
frictional slipping (Hedayat, 2013; Hedayat and Walton, 2017), and for monitoring damage 
progression in pre-cracked rock specimens (Modiriasari et al., 2015; Modiriasari et al., 2016; 
Modiriasari et al., 2017). Hedayat (2013) noted that the amplitude of the reflected waves showed 
small variations during the shearing experiment, but detected damage in the joint-interface prior 
to failure. In a continuation of this work, Hedayat and Walton (2017) used the ratio of the 
transmitted to reflected wave amplitudes to measure the dynamic stiffness of the rock-joints. 
Modiriasari (2017) used the R-mode LUT measurements to characterize the rock damage 
processes in the vicinity of artificially created flaw tips in intact rocks under uniaxial and cyclic 
loading conditions. The study concluded that R-mode LUT measurements are successful in 
predicting (both in spatial and temporal terms) the evolution of damage in the rock volume. 
Modiriasari et al. (2017) also noted that the R-mode LUT measurements can not only be used to 
detect new damage, similar to T-mode LUT measurements but can also be used to spatially 
locate the damage using the arrival time of the reflected waves. In addition to this, Modiriasari et 
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al. (2017) also concluded that the R-mode LUT measurements can differentiate between shear 
and tensile damage processes. However, similar experimental studies on intact rock specimens 
have not been performed to establish whether these conclusions apply equally well to specimens 
with distributed (diffuse) micro-damage as they do to specimens with pre-existing macroscopic 
fractures. 
1.4 Scope Limitations 
In order to understand the damage characteristics of rocks and rock masses, it is crucial to 
begin with the behavior of intact rocks (Hoek and Martin, 2014). Accordingly, the scope of the 
present research is limited to the study of damage evolution in intact rocks, which from a 
practical point of view involves studying laboratory-scale specimens with dimensions on the 
order of 50 mm or so. Consequently, the fundamental shortcoming associated with this research 
work involves the scale at which the rocks have been studied. For improved reliability, it is 
important to validate findings of this study with large-scale and in-situ experiments, nevertheless, 
the laboratory-scale experiments as conducted in this research serve as a benchmark for efficient 
design of large-scale and in-situ experiments.  
1.5 Research Tasks 
The objectives as discussed in Section 1.2 were pursued through an experimental testing 
program and an extensive and detailed analysis of the experimental data. The tasks that were 
performed to accomplish the research objectives are specified in the following sub-sections. 
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1.5.1 Tasks related to “Objective 1” 
 Simultaneously monitor the changes in linear ultrasonic wave characteristics with the 
evolution of damage in uniaxially loaded intact rock specimens. 
 Investigate four different types of ultrasonic transducers to analyze their effect on the 
damage-induced changes in the ultrasonic measurements. 
 Associate the strain-based CI and CD estimates of rock specimens with the changes in the 
linear ultrasonic attributes. 
1.5.2 Tasks related to “Objective 2” 
 Develop an ultrasonic system for the implementation of the NLUT-based scaling 
subtraction method (SSM). 
 Employ the NLUT-SSM technique to monitor the progression of damage in three types 
of intact rocks damaged under monotonously increasing uniaxial loads. 
1.5.3 Tasks related to “Objective 3” 
 Employ the LUT procedure in combination with the full-field 2D-DIC technique to track 
changes in the LUT attributes with the evolution of strains (in real-time) across the 
surface of uniaxially loaded prismatic shaped intact rock specimens. 
 Develop a strain-based metric for evaluation of the state of damage in the intact rock 
specimens in a quantitative manner. 
 Analyze the correlation between the ultrasonic attenuation and the damage (based on 
strains) in the rock specimens. 
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1.5.4 Tasks related to “Objective 4” 
 Employ the full-field 2D-DIC technique to monitor the progression of full-field strain 
heterogeneity in three types of rocks with increasing magnitude of uniaxial loads. 
 Analyze the statistical fluctuations in the strain-field heterogeneity of rocks at varying 
gauge lengths (GL) (multi-scale analysis). 
1.5.5 Tasks related to “Objective 5” 
 Monitor the progression of damage in uniaxially loaded prismatic shaped intact rock 
specimens by concurrent application of the T-mode and R-mode LUT approaches.     
 Correlate changes in the T-mode and R-mode wave attributes with the damage in the rock 
specimens. 
1.6 Thesis Outline 
This is a manuscript-based thesis where the majority of the main chapters have been 
published, accepted or are undergoing revisions with peer-reviewed international journals and 
conferences. The main chapters as included in this thesis are similar to the originally published 
or submitted individual manuscripts. Each of the main chapter has its specific abstract, 
introduction, main body text, results, discussions, conclusions, and acknowledgements. All the 
references in the development of the thesis are presented at the end of the thesis.  
The thesis consists of seven chapters in total, with the five main chapters (Chapter 2 to 
Chapter 6) organized in the order of the thesis objectives as described in Sections 1.2 and 1.5.  
21 
 
In Chapter 1 of the thesis, a brief review of the literature associated with the methods for 
rock damage characterization along with the utility of studying the mechanics of rock damage 
evolution using ultrasonics has been presented. Subsequently, the gaps associated with 
ultrasonic-based interpretation of the rock damage processes were identified and used to 
formulate the research objectives of the thesis.  
Chapter 2 is based on the evaluation of the potential of LUT (Linear Ultrasonic Testing) 
for characterization of progressive damage processes in rocks. In this chapter, directly 
transmitted compressional waves have been used for characterization of different stages of rock 
damage evolution, in particular, the CI (Crack Initiation) and CD (Crack Damage) stress 
thresholds. The effect of different transducer frequencies on the ultrasonic measurements was 
also evaluated.   
Chapter 3 evaluates the potential of the non-linear component of ultrasonic waves to 
detect damage evolution in rocks. In this chapter, the capability of a state-of-the-art NLUT (Non-
Linear Ultrasonic Testing) approach for rock damage characterization was evaluated. 
In Chapter 4, the 2D-DIC (Digital Image Correlation) approach has been employed in 
combination with the LUT monitoring approach for tracking near-simultaneously the changes in 
the LUT parameters (amplitude) with the development of stress-induced strains across the 
surface of the intact rock specimens. This study provides an explicit correlation between the 
accumulated damage in the rock volume and the corresponding changes in the LUT attributes. 
Chapter 5 studies, in real-time, the evolution in the strain-field heterogeneity of rock 
specimens at increasing levels of loading by the application of a 2D-DIC procedure. The multi-
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scale nature of the rock deformation was also examined, and the representative elementary 
volume was estimated at different levels of damage. 
Chapter 6 presents the characterization of the intact rock damage process by the 
concurrent application of directly transmitted (T-mode) and reflected (R-mode) linear ultrasonic 
waves. This study is unique in the sense that, to the best of the knowledge of the author, it is the 
only study that evaluates changes in R-mode waves as a function of stress-induced damage 
evolution in intact rock specimens. 
Chapter 7 presents a summary of the primary findings of this research along with a 




CHAPTER 2  
EVALUATION OF AN ULTRASONIC METHOD FOR DAMAGE CHARACTERIZATION 
OF BRITTLE ROCKS 
This paper has been submitted to the journal Rock Mechanics and Rock Engineering (Shirole et 
al., 2017b). Partial contents of this chapter have also been presented at the 51st American Rock 
Mechanics Symposium, June 25-28, 2017, San Francisco, USA (Shirole et al., 2017a). 
Deepanshu Shirole, Ahmadreza Hedayat, Ehsan Ghazanfari and Gabriel Walton 
2.1 Abstract 
An intact rock specimen, when subjected to uniaxial compression, experiences multiple 
stages of deformation. This begins with the nucleation of microcracks at low stresses (Crack 
Initiation-CI) and their subsequent transition into unstable crack propagation (Crack Damage-
CD) close to the ultimate strength. In the present study, an ultrasonic monitoring method was 
used during uniaxial compression testing of Lyons sandstone specimens to evaluate the potential 
of the technique for damage characterization. The sensitivity of ultrasonic monitoring in relation 
to the input excitation frequency was also analyzed using four ultrasonic transducers with 
different central frequencies. A LabVIEW-controlled ultrasonic system was used to acquire 
ultrasonic waveforms which were made to propagate perpendicular to the direction of uniaxial 
stress. With increasing deformation, the corresponding changes in the amplitude, frequency, and 
velocity of the ultrasonic signals were analyzed to characterize the CI and CD stress thresholds. 
Using statistical analysis, it was concluded that the changes in the amplitude and frequency of 
the ultrasonic signals could be potential indicators of CI and CD. The comparison of wave 
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characteristics corresponding to different input excitations also indicated that appropriate 
selection of transducer frequency is crucial for a representative interpretation of rock damage 
processes. 
2.2 Introduction 
The ultimate failure of brittle rocks in the case of anisotropic loading is preceded by the 
formation, growth, and coalescence of microcracks (Brace et al., 1966; Bieniawski, 1967a,b). 
The stress corresponding to the initiation of the microcracks is termed as crack initiation (CI), 
while crack damage (CD) is the stress threshold at which the stable accumulated cracks in the 
rock begin to coalesce, ultimately leading to formation of a discrete failure plane at the peak 
strength (Hoek and Martin, 2014). Traditional failure laws over-estimate brittle rock strength by 
not accounting for the micro-mechanical damage caused to the rock as it surpasses these stress 
thresholds (Diederichs, 2003). Unlike the Uniaxial Compressive Strength (UCS), which is 
influenced by numerous test-dependent factors, CI and CD are inherent material parameters, 
meaning their estimation is vital for a realistic approximation of the rock behavior and strength 
(Martin and Chandler, 1994; Diederichs, 2003). The present study focuses on the development 
and evaluation of an ultrasonic method for the determination of CI and CD thresholds.   
Several researchers have studied the failure processes associated with intact rocks over 
the years (Brace et al., 1966; Bieniawski, 1967a,b; Martin and Chandler, 1994; Eberhardt et al., 
1998; Ghazvinian et al., 2012; Nicksiar and Martin, 2012). Based on the stress-strain behavior, 
the rock failure process can be divided into four regions: (I) crack closure; (II) linear elastic 
deformation; (III) CI and stable crack growth; and (IV) CD and unstable crack growth followed 
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by the ultimate failure of the material at its peak strength (UCS) (see Figure 2-1). Crack closure 
causes an increase in the axial stiffness of the specimen which leads to an initial non-linear 
elastic region (region I). Once the majority of pre-existing microcracks are closed, linear 
deformation takes place (region II). The start of region III demarcates the stress level at which 
stable microcracking initiates in the rock specimens (i.e. the CI stress threshold). These stable 
microcracks align themselves along principal stress direction (long axis) and this change in the 
physical system of the specimen is detected as a departure in the linear axial stress-radial strain 
curve. As the imposed load increases further (region IV), the stresses in the specimen become 
large enough to cause unstable crack growth (CD). This region is characterized by most 
significant structural changes to the specimen, which causes the axial stress-axial strain to 
deviate from linearity (Hallbauer et al., 1973; Diederichs, 2003).  
Two types of laboratory-based testing approaches have been previously proposed for 
determining the deformational behavior (CI and CD) of rock specimens. The first and the more 
traditional approach for estimation of CI and CD thresholds involves analysis of the stress-strain 
response curves of the specimens subjected to either uniaxial or triaxial stress conditions. This 
approach is fundamentally based on records of the axial and radial strains in a specimen as it is 
loaded to failure. The noticeable slope changes in the stress-strain response curves are then 
characterized for the CI and CD estimation (Eberhardt, 1998; Eberhardt et al., 1998; Shirole et 
al., 2017a). The onset of non-linearity in the axial stress-radial strain curve is considered to 
correspond to the CI threshold as shown by Bieniawski (1967a), and Stacey (1981). The 
disadvantage of directly using radial strain plots for characterization of CI values lies in the fact 
that the approach becomes subjective if the strain response curve deviates from typical response 
curves because of pre-existing cracks in the rock specimens (Nicksiar and Martin, 2012). In an 
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attempt to improve upon the method and be more objective, Brace et al. (1966) calculated the 
total volumetric strain and established the stress where the volumetric strain deviated from 
linearity as the onset of relative dilatancy or CI. Paterson (1978) and Martin and Chandler (1994) 
noted that the determination of CI using total volumetric strain response curve is also difficult, as 
no true linear portion may exist. They postulated the calculation of crack volumetric strain to 
overcome this and characterized CI as the axial stress at which the crack volumetric strain curve 
begins to decrease from its peak. This method is limited by its susceptibility to the values of the 
elastic parameters as used in the analysis. Eberhardt (1998) showed that the non-linearity in the 
stress-strain response curves complicates the determination of these elastic constants, which 
causes a considerable degree of uncertainty in the calculation of crack volumetric strain, leading 
to a potentially inaccurate estimation of CI. Recently, the lateral strain response (LSR) method 
was developed by Nicksiar and Martin (2012) for CI characterization. The total volumetric strain 
and lateral strain curves were analyzed together, with the goal of improved objectivity. The study 
concluded that, while the LSR technique improves the objectivity in the determination of CI, 
choosing a particular method to establish the crack-initiation stress is one of convenience.  
CD, which is regarded as the long-term peak strength of rock in monotonic stress 
application, fundamentally represents the stress level at the onset of the axial stress-axial strain 
non-linearity (Diederichs and Martin, 2010; Walton, 2014). The determination of CD is typically 
considered to be less subjective than the determination of CI (Eberhardt, 1998). Bieniawski 
(1967a) observed that the axial stress corresponding to the point of total volumetric strain 
reversal could also be a potential indicator of unstable crack growth (CD), but this technique for 
CD determination is only suitable for low-porosity rocks (rocks with porosity less than 5% per 
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Brace, 1978; Wong and Baud, 2012) damaged under uniaxial stress conditions. In confined 
conditions, it over-predicts CD threshold (Diederichs and Martin, 2010; Walton et al., 2017).  
 
Figure 2-1 Schematic representation of the stages involved in rock damage process; shown 




Some other methods such as the Moving Point Regression technique (Eberhardt, 1998) 
and Inverse Tangent Lateral Stiffness (Ghazvinian et al., 2012) have been developed for CI and 
CD estimation, but they all are a derivative of the methods based on raw strain measurements 
and involve a degree of subjectivity. Andersson et al. (2009) noted that the higher resolution of 
modern data acquisition systems can make the detection of points associated with slope changes 
(linear to non-linear) difficult, as data are acquired with higher frequency, and minor noise may 
locally mask broader trends. Eberhardt et al. (1998) and Fei and Chi (2014) also highlighted that 
the strain analysis approach for detection of CI and CD in rocks is susceptible to a high degree of 
error and subjectivity due to the combined effect of data resolution and manual subjectivity.  
The second approach for the estimation of CI and CD thresholds involves the use of 
geophysical techniques, which can further be categorized as either passive or active. Passive 
geophysical techniques - (i.e., Acoustic Emissions, or AE monitoring) - have been widely used 
for the assessment of progressive failure processes in rocks (Eberhardt, 1998; Hardy, 2003; 
Mogi, 2007). Extensional crack initiation and grain boundary sliding in rocks are the sources of 
micro-seismic activities that lead to the release of transient acoustic energy (Mogi, 2007); the AE 
technique can, therefore, help in characterization of the rock damage processes. Nicksiar and 
Martin (2012) stated that the micro-seismic activity at the CI stage is of low energy, meaning it 
can be difficult to differentiate between noise and the actual acoustic signal. Similarly, 
Ghazvinian (2015) found that the detection of the onset of the CI threshold can be challenging 
for some specimens when the acoustic activity at low levels of damage is minimal. Furthermore, 
the spectral characteristics of an acoustic signal are dependent on the frequency of the micro-
seismic event, the characteristics of the AE transducers, and the distance between source event 
and transducer (Hardy, 2003). If the frequency of some source events is not near the central 
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frequency of the AE transducer, then these micro-seismic events will remain undetected and will 
lead to errors in the AE-based characterization of the rock damage processes. Additionally, the 
original acoustic signal may attenuate significantly by the time it reaches the transducer, further 
complicating the AE-based interpretation of the internal damage evolution within the rock. 
An appealing substitute for passive monitoring or strain analysis is to use an active 
technique (i.e. ultrasonic) primarily because of the direct connection between the characteristics 
of the transmitted wave and the damage state of the solids (Verma et al., 2013; Modiriasari et al., 
2017; Marcantonio et al., 2019). In active monitoring, ultrasonic (seismic) waves actively 
generated in real-time by a source transducer are transmitted across a rock material to the 
receiver transducer. The characteristic changes in the ultrasonic wave attributes (amplitude, 
frequency, and velocity) are then analyzed to establish the damage state of the rock specimens. 
Typically, compressional waves are used as the active source of wave generation in non-
destructive testing (Hedayat et al., 2014a). Studies utilizing ultrasonic monitoring (Gowd, 1970; 
Gupta, 1973; Sayers et al., 1990; Wulff et al., 1999; Barnhoorn et al., 2018) have primarily been 
conducted to investigate ultrasonic velocity anisotropy and wave attenuation induced by micro-
mechanical changes caused due to external loads. Gowd (1970) and Rao and Ramana (1974) 
studied the changes in the amplitude of the ultrasonic waves transmitted through uniaxially 
loaded rock specimens. In all of the studies mentioned above, only limited focus was put on the 
ultrasonic-based characterization of the CI and CD damage thresholds. Recently, Luong (2009) 
and Ghazvinian (2015) implemented ultrasonic monitoring for characterization of CI and CD. 
Luong (2009) related the non-linear changes in the ultrasonic wave energy with the damage in 
rocks and used this relationship for the characterization of the CI and CD damage thresholds in 
two sandstone specimens. CI determination using this approach was found to be difficult. 
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Ghazvinian (2015) studied the variation in the ultrasonic velocity with increasing deviatoric 
stresses for identifying CI thresholds; this method was incapable of establishing CD for the 
rocks. Ghazvinian (2015) also noted that faster acquisition of ultrasonic data is required for 
linking the ultrasonic changes with the rock damage processes and that further research is 
required in the area. Recently, Modiriasari et al. (2017) used the ultrasonic monitoring method 
for characterizing the crack initiation and crack coalescence processes in pre-cracked rock 
specimens.  
Primarily, two essential elements are missing from all the studies mentioned above. First, 
the rationale for the selection of a particular ultrasonic transducer. All the studies discussed 
above fail to provide a basis for the selection of the ultrasonic transducers, and, since ultrasonic 
measurements are sensitive to the transducer characteristics, it is essential to understand their 
role in the context of ultrasonic-based characterization of rock damage processes (Basu and 
Aydin, 2006; Shirole et al., 2017a). Second, the characterization of the CI and CD damage 
thresholds of intact rocks through the changes in the ultrasonic wave attributes (amplitude, 
frequency, and velocity). To establish a basis for the selection of a particular ultrasonic 
transducer, four different types of ultrasonic transducers were tested, and their effect on the 
damage-induced changes in the ultrasonic signals was analyzed in this chapter. In addition to 
this, an attempt was also made to characterize the CI and CD damage thresholds of intact rocks 
through the changes in the linear ultrasonic wave parameters (amplitude, frequency, and 
velocity) with the progression of damage in the rock specimens. A LabVIEW-controlled 
ultrasonic system with 1 Hz frequency of data acquisition was used to characterize the minute 
changes that occur in the rock as it is progressively damaged under uniaxial load by the 
application of ultrasonic measurements.     
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2.3 Experimental Design 
2.3.1 Testing procedure 
This study on the ultrasonic-based characterization of the progressive damage processes 
in rocks was performed on Lyons sandstone specimens. The Lyons sandstone (LS) was obtained 
from Lyons, Colorado, which is in the front range of the Colorado Rocky Mountains (United 
States). It is aeolian in origin and was formed through long-term consolidation of moderately 
sorted fine-grained quartz dunes (Thompson, 1949; Ross et al., 2010; Mighani et al., 2016). 
Because of this, Lyons sandstone is primarily composed of quartz (85%-90%) with some 
presence of clay minerals (10%-12%) (Ross et al., 2010). LS has previously been found to have 
an average grain size of about 190 μm (Xu et al., 2006a; Batijha et al., 2009; Ross et al., 2010; 
Mighani et al., 2016). The sandstone block acquired for the present study was quarried from a 
depth of 5 m below the ground surface. 12 cylindrical specimens of Lyons sandstone (labelled 
from S1 to 12) 115 mm long and 50.4 mm in diameter were cored from the same block of the 
Lyons sandstone. The test specimens were prepared by coring specimens normal to the relatively 
subtle bedding planes of the sample block. Specimen surfaces were leveled to within 0.01 mm 
under dry conditions using mechanized grinding. Figure 2-2a shows the cored LS specimen.  
Computed Tomography (CT) scan analysis of the LS specimens was conducted for 
determination of the porosity and pore size distribution characteristics of the specimens. The 
Bruker SKYSCAN X-Ray Micro CT machine with a resolution of 24 µm was used for this 
purpose. The 3-dimensional (3-D) porosity analysis on the entire specimen indicated an average 
porosity of 4.5% with a standard deviation of 0.20%, which is consistent with findings of Xu et 
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al. (2006a), Batijha et al. (2009), and Mighani et al. (2016). The Ultrasonic Imaging Area (UIA) 
(Figure 2-2a), where the ultrasonic imaging was performed during uniaxial loading, was 
separately investigated for porosity, and pore size distribution analysis. The axial length of the 
UIA between the top and bottom (Figure 2-2a) was 13 mm, which was further divided into 502 
cross-sectional slices, with each slice having an axial length of 25 µm. The porosity analysis on 
the UIA indicated an average porosity of 4.47% with standard deviation of 0.19%, as shown in 
Figure 2-2b. The data from porosity analysis illustrate that the LS has a relatively uniform and 
homogeneous pore structure along the length of the specimen, and specifically in the UIA. The 
pore-size distribution analysis showed that the vast majority (95%) of pore-space was composed 
of pores with sizes varying between 169 to 411 μm (Figure 2-3). The bedding planes in LS are an 
extremely persistent feature, with thickness of most of the bedding planes approximately varying 
between 190-200 µm (1 grain size thickness) and less than 500 µm (Thompson, 1949; 
Levandowski et al., 1973). Although the homogeneous porosity distribution along the length of 
the UIA (porosity variation with slice, Figure 2-2b) implies that the bedding planes present in the 
LS are fairly consistent, heterogeneity (impedance variation) in the seismic (impedance) 
characteristics of individual bedding planes can arise due to (Chen et al., 2017): (1) spatial 
variation in the clay cement present on the bedding layers, and (2) the disordered structure of the 
clay-cement minerals. The impedance mismatch within the bedding planes can subsequently 
cause dispersion and attenuation in the propagating ultrasonic waves, as observed by Chen et al. 
(2017). That being said, as the ultrasonic attributes will be normalized with respect to their initial 
magnitude for the purposes of interpretation, the effect of the bedding interface on the ultrasonic 
changes can be reasonably disregarded with any changes being attributed to the evolution of 




Figure 2-2 (a) Lyons sandstone (LS) specimen shown with the Ultrasonic Imaging Area (UIA). 
The UIA was divided into 501 equidistant cross-sectional slices (b) Variation of porosity in the 
intact LS specimen within the UIA based on the calculated porosity on each of the CT scan slice. 
The experimental set-up used for the ultrasonic monitoring is shown in Figure 2-4. A 
pulse generator from Olympus NDT, Inc. was used as the active source of longitudinal pulse 
generation, while the signal digitization was performed using a National Instrument digitizer 
(NI-5142 board). Videoscan longitudinal wave transducers (V-103) from Olympus NDT, Inc. 
were used in the study as the source and receiver of the transmitted ultrasonic pulses. Videoscan 
transducers were used as they provide improved signal to noise ratio in comparison to Accuscan 
transducers (Olympus Ultrasonic Transducers Technical Notes, 2011). To evaluate the influence 
of different transducer frequencies on the ultrasonic measurements, transducers with central 
frequencies ranging from 1 MHz to 15 MHz were employed. Additionally, the frequency on the 
pulse generator was changed to match with the central frequency of the transducers employed for 
the measurements (e.g. the pulse generator frequency was set at 5 MHz for the transducers 
having a central frequency of 5 MHz). During the experiments, transducers were coupled to the 
rock specimens at their mid-height, and the wave transmission was normal to the major principal 
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stress direction (see Figure 2-2a and Figure 2-4). Mid-height of the specimen was chosen for 
ultrasonic imaging as this region is least sensitive to the constraints applied at the specimen ends 
by the loading platens, and hence is more representative of the specimen deformation caused due 
to a uniform stress-field. The ultrasonic monitoring of the specimens was carried out during 
loading, for which a LabVIEW-controlled ultrasonic system was used to digitize and acquire the 
transmitted ultrasonic waveforms (100 μs long) at a frequency of 1 Hz. 100 pulses were averaged 
and stacked on top of each other to produce the 100 μs ultrasonic signal every 1 second. The 
pulse averaging/stacking facilitated higher signal to noise ratio. The 1-second (1 Hz) delay no 
only enabled near-continuous damage monitoring, but also ensured that all the reflections in the 
specimens had damped out before the arrival of the next ultrasonic signal.  
 
Figure 2-3 Pore size distribution in the intact Lyons sandstone specimen. 
The ultrasonic monitoring was carried out by attaching ultrasonic transducers on the sides 
of the specimens through insulation tapes overlying rubber bands (Figure 2-5). The seismic 
impedance of the transducer element is 35.9 MPa-s/m (Cheeke, 2016), while that of Lyons 
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sandstone is 11.4 MPa-s/m. To reduce the transmission loss due to the impedance mismatch at 
the rock-transducer contact area, honey was used as the coupling medium between the transducer 
and rock surface. Honey was chosen because of its relatively viscous and ductile nature, and, 
because it is considered to be the best coupling medium for longitudinal wave propagation 
(Hedayat, 2013; Modiriasari et al., 2017). Oven-baked honey was used to couple the transducers 
to the rock surface as the baking process helps in removal of the air pockets present in the honey 
(Basu and Aydin, 2006; Modiriasari et al., 2015). In particular, the honey was dehydrated in an 
oven at 100 ˚C for 90 min. The surface of the rock was smoothened to offset minor surface 
roughness, and, was covered with an adhesive plastic film to prevent the penetration of honey 
into the rock pores (Basu and Aydin, 2006; Hedayat, 2013). The thickness of the coupling 
medium should be a fraction of the wavelength of the ultrasonic wave to reduce the effect of 
impedance mismatch (Basu and Aydin, 2006), and in the experiments, the honey layer thickness 
of 30 µm was consistent with this requirement. Before starting any test, the transducer assembly 
(Figure 2-5) with honey coupling was allowed to equilibrate for one hour, to ensure that any 
artifacts associated with the coupling between the transducers and the specimen were eliminated. 
Experiments were also performed to verify the repeatability of the received ultrasonic pulses. For 
this, the transducer-rock set-up was disassembled each time an ultrasonic measurement was 
made. The repeatability in the amplitude measurements was found to be 2%-5%, which falls 
within the ultrasonic array calibration criterion as used by Hedayat (2013) for the purpose of 
ultrasonic-based monitoring of damage processes in geomaterials. Subsequently, variations in the 
ultrasonic attributes can be directly associated with damage-related changes in the rock 
specimens. After the coupling and confirmation of the repeatability of the transducer assembly, 




Figure 2-4 Schematic representation of the set-up at the Colorado School of Mines for 
performing ultrasonic-based damage monitoring. 
2.3.2 Data acquisition and processing 
A computer-controlled servo-hydraulic loading machine manufactured by Controls 
Group Inc. was used to uniaxially load 12 Lyons sandstone rock specimens (S1 to 12) in axial 
displacement feedback mode by advancing a piston against the specimen at the rate of 1 μm/sec 
(Figure 2-5). The displacement feedback provided better control on the deformation of the rock 
specimens close to their peak strength which helped in the protection of the ultrasonic 
transducers from damage. LVDTs were used to record the axial deformation of all the 
specimens. The radial strain of the specimens S1, S2, S5, and, S8, was measured by epoxied 
radially oriented strain gauges (PFL-30-11) (Figure 2-5a), while for specimens S3, S4, S6, S7 
and S9 a circumferential extensometer (Epsilon-3544) was used for measurement of the radial 
deformation (Figure 2-5b). The crack volumetric strain for each of the specimens was calculated 
based on the method defined by Ghazvinian (2015). The instantaneous tangent modulus for the 
rock specimens was computed based on the procedure adopted by other researchers (Eberhardt, 




Figure 2-5 Typical UCS set-up in combination with the ultrasonic transducers for ultrasonic 
monitoring of damage evolution in Lyons sandstone, where: (a) strain gauge set-up for radial 
strain measurement; (b) extensometer set-up for radial strain measurement. 
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The ultrasonic measurements were performed on 12 specimens where a different 
transducer monitored three specimens each: 5 MHz (S1, S2, S3), 10 MHz (S4, S5, S6) and 15 
MHz (S7, S8, S9), and, 1 MHz (S10, S11, S12). Before performing ultrasonic measurements, a 
specimen S0 (from the same block of Lyons sandstone) was used for characterization of LS in 
terms of velocity anisotropy. For this, the ultrasonic P-wave velocity was measured along the 
bedding plane of the specimen at three locations along the longitudinal axis as shown in Figure 
2-6, with each of the transducer source-receiver pairs allowing wave propagation along the 
horizontal bedding plane. Subsequently, the ultrasonic P-wave velocity was measured at the 
same vertical locations but with a 90˚ rotation in the transducer source-receiver array, and these 
locations were termed as Top (90˚), Middle (90˚), and Bottom (90˚) (Figure 2-6b). Additionally, 
the ultrasonic P-wave velocity was also measured normal to the bedding planes of the specimen 
i.e. along the longitudinal axis of the LS specimen. The seven measurements of the P-wave 
velocity in specimen S0 are given in Table 2-1. The anisotropy in LS specimen was quantified as 
the ratio of the ultrasonic velocity in two perpendicular directions (e.g. ratio of two transverse 
velocities or one transverse velocity and the longitudinal velocity). The maximum anisotropy 
(9%) was calculated for the velocity measured along the longitudinal and transverse axes of the 
specimen respectively, while the anisotropy was approximately 1% for the velocity measured 
along the two orientations of the transducer source-receiver arrays aligned with the bedding of 
the specimen. The low value of velocity anisotropy within the bedding plane and the notable 
difference in the longitudinal and transverse P-wave velocities in LS suggest that it is a 
transversely isotropic material, which is similar to the conclusion of Mighani et al. (2016). 
The ultrasonic measurements were performed on 12 (S1 to S12) uniaxially loaded Lyons 
sandstone specimens using ultrasonic transducers with different central frequencies (Table 2-2). 
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The ultrasonic P-wave velocities along the transverse axis of these 12 LS specimens are provided 
in Table 2-2. The transverse (along the bedding planes) ultrasonic P-wave velocities of LS as 
given in Table 2-1 and Table 2-2 are similar to the transverse P-wave velocity of the same rock 
as measured by Xu et al. (2006a) and Mighani et al. (2016). The maximum variation in the P-
wave velocity among all the specimens (S1 to S12) is approximately 2%, while it is 1.1% 
throughout the six measurements within specimen S0 (Table 2-1). Furthermore, the variability in 
the UCS values of the 12 specimens (refer to Table B-1 in Appendix B), as represented by 
relative standard deviation (RSD) is ~2%. Because the variation in both the ultrasonic 
measurements (P-wave velocities) and the mechanical behavior (UCS) of the specimens is ~2%, 
it is fair to say that the specimens used in the testing were reasonably similar and results obtained 
are repeatable.  
 
Figure 2-6 The locations along the specimen S0 where the ultrasonic P-wave velocity 
measurements were carried out. (b) The view of the X-X’ section which shows the orientation of 
the transducer source-receiver: (b1) initial alignment; (b2) 90˚ rotation in the initial alignment 
the transducer source-receiver array. 
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Table 2-1 The ultrasonic P-wave velocity of LS specimen S0 at seven different source-receiver 
transducer arrays for the characterization of velocity anisotropy in the specimen. 
Table 2-2 The ultrasonic P-wave velocity along the bedding plane of the 12 Lyons sandstone 











(Ratio between maximum and minimum 
transverse p-wave velocities) Top (90˚) 4647 
Middle 4649 0.3% 
(Ratio between maximum and minimum 
transverse p-wave velocities) Middle (90˚) 4665 
Bottom 4615 0.5% 
(Ratio between maximum and minimum 
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The ultrasonic transducer characteristics (wavelength, dominant frequency, P-wave 
velocity, ultrasonic beam diameter, and near-field) as a function of transducers properties for 
each type of transducer are shown in Table 2-3. The wavelengths were calculated from the 
transducer central frequencies (Basu and Aydin, 2006). The dominant frequency of the 
transmitted waves is at least a third of the transducer central frequency, which indicates 
attenuation of the high-frequency signal components. The main factors which could be 
responsible for the loss of high-frequency components are intrinsic attenuation, the impedance 
mismatch at the rock-transducer interface, geometric losses and wave scattering. Intrinsic 
attenuation includes localized seismic losses due to thermoelastic effects, viscosity, and 
dislocation motion (Mason, 1958). Furthermore, the dominant frequency of the transmitted 
waves increased from 0.55 MHz to 1.57 MHz as the central frequency of the transducers was 
increased from 1 MHz to 15 MHz (Table 2-3). The lower dominant frequency of the 1 MHz 
wave conforms to its longer wavelength and larger period as depicted in Figure 2-7, which shows 
the profile of the transmitted ultrasonic waves for the four different frequency sources. It is 
interesting to note that the dominant frequencies for 5, 10 and 15 MHz transducers do not vary 
significantly, although the transmitted wavelengths for these three frequencies are different. This 
could be attributed to the characteristic feature of inherent microcracks which act as low-pass 
filters (incapable of sampling higher frequencies), passing only those frequencies of the wave 
that is lower than the characteristic frequency (ωc), as explained by Pyrak-Nolte and Nolte 
(1992). Also, the loss in higher frequency component of waves could be because of an increase 
in intrinsic attenuation at higher frequency levels (5, 10 and 15 MHz), and the scattering of the 
higher frequency components out of the seismic field of view (Basu and Aydin, 2006; Acosta-
Colon et al., 2009). 
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Table 2-3 Characteristics of the ultrasonic transducers and the associated ultrasonic waves. The 
























 1  13  3.3  8.5 4636 4.64 0.55 
 5 6  1.5  9.0 4637 0.93 1.57 
10 6 1.5 18.0 4610 0.46 1.43 
15 6 1.5 27.0 4635 0.31 1.25 
 
Figure 2-7 Comparison of the ultrasonic signals transmitted by the four types of ultrasonic 
transducers through intact Lyons sandstone specimens. 
For ultrasonic-based characterization of damage in the rock specimens, the amplitude, 
frequency, and velocity of the transmitted ultrasonic waves were calculated simultaneously with 
increasing levels of loading on the rock specimens. Figure 2-8 shows the ultrasonic waves at 
different levels of loading, and, from it, the effect of damage on the ultrasonic waves can be 
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visually appreciated. The amplitude of the transmitted ultrasonic wave was calculated as the 
summation of the absolute maximum and absolute minimum voltage in the time-domain signals 
(Hedayat et al., 2018). The frequency content of the transmitted ultrasonic signals was 
determined by the fast Fourier transform (FFT). The FFT analysis was performed in the vicinity 
of the main pulse of the transmitted ultrasonic waves, as shown in Figure 2-9a (Gheibi and 
Hedayat, 2018). As suggested by Pyrak-Nolte et al. (1990a), a taper function was applied on the 
main P-wave pulse for improving the signal properties in the frequency domain (shown in Figure 
2-9b). A standard aluminum specimen was used for the determination of the right taper, with the 
assumption that the use of a proper taper will result in the dominant frequency (frequency 
corresponding to maximum spectral amplitude) of the transmitted ultrasonic signals to be fairly 
similar to the central frequency of the transducers used for producing the ultrasonic signals. This 
is because aluminum has a high Q-value (150,000) which results in minimal signal transmission 
loss (Pyrak-Nolte et al., 1990a). Figure 2-9c shows the frequency-spectra for these signals after 
using a taper of 2.56 µs, with the dominant frequency of the transmitted signals being 0.85 MHz, 
4 MHz, 8 MHz, and 12 MHz for the 1 MHz, 5 MHz, 10 MHz, and 15 MHz transducer central 
frequency, respectively. The ratio of the dominant frequency of the transmitted signals and the 
central frequency of the transducers was reasonably close to unity (0.80), suggesting that a taper 
of 2.56 µs was appropriate for the subsequent spectral analysis. The received time-domain 
ultrasonic signals for LS were therefore filtered using the 2.56 μs taper, and the FFT analysis was 
subsequently performed on these tapered ultrasonic waves. The effect of damage on the 
frequency spectrum is clearly evident in Figure 2-10. From the frequency spectra, the mean 
frequencies of the transmitted ultrasonic waves were computed. For estimation of the P-wave 
arrival time, the arrival time calculation procedure used by King (1966) and Gupta (1973) was 
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implemented as this estimation procedure is repeatable, easy to automate, and because the phase 
shift between the ultrasonic waves was between ±5 degrees. In this procedure, the first peak of 
the ultrasonic signal is chosen as a reference point from which a constant amount of time is 
subtracted to arrive at the beginning of the pulse train. 
 
Figure 2-8 Comparison of the longitudinal ultrasonic signals at different magnitudes of the 
uniaxial stress. 
2.4 Results and Discussion 
2.4.1 Strain-based CI and CD 
The stress-strain plot for specimen S3 is shown in Figure 2-11, which also includes the 
crack volumetric strain (Figure 2-11a) and instantaneous tangent modulus curves (Figure 2-11b). 
The CI and CD stress damage thresholds as a percentage of the failure strength based on the 
strain analysis technique are also shown in Figure 2-11. CI is identified as the stress 
corresponding to the point of inflection in the crack volumetric strain curve (Ghazvinian, 2015). 
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The CI values for LS is in the range of 20%-30% of the UCS, similar to the findings of Shirole et 
al. (2018b; 2019a,b). As CI is a function of the nature and density of the internal flaws and 
heterogeneity within the material (Diederichs, 2007; Walton, 2014), the consensus on a universal 
relationship between CI and UCS is debatable (Walton, 2014). The CI value for the Lyons 
sandstone is reasonably consistent with the CI thresholds (25%-40% of UCS) as observed by 
Bieniawski (1967a,b), Read and Martin (1996), and Amann et al. (2011) for quartzite, 
granodiorite, and clay shale respectively. Shirole et al. (2019a) found that the non-elastic strains 
in LS specimens under uniaxial loading start to increase significantly around 25%-30% of UCS, 
which is consistent with the CI threshold of LS as non-elastic strains are the primary source of 
microcrack initiation in rocks (Eberhardt, 1998). The relatively low CI values of LS can be 
related to the relatively higher porosity of LS (~5%) and fine-sized grains (grain size < 1 mm), as 
it has been found that the influence of porosity on crack initiation stress is more pronounced in 
fine-grained rocks, and increased porosity tends to reduce CI (Haztor and Palchik, 1997; Peng et 
al., 2017). Walton et al. (2017) similarly found that Indiana limestone (with porosities as high as 
15%) did not necessarily conform to the same damage metrics as have been established for low-
porosity (porosity less than 5%) rocks. CD was calculated as the stress corresponding to the 
onset of relaxation (see Figure 2-11b) in the elastic modulus of the rock as calculated through the 
instantaneous tangent modulus (Ghazvinian, 2015; Walton et al., 2017). The CD threshold for 
the Lyons sandstone calculated using the tangent modulus fell in the range prescribed for 




Figure 2-9 (a) Full time-domain ultrasonic signals transmitted through aluminum specimen, and 
the corresponding main pulse; (b) main ultrasonic pulse obtained for different transducer central 




Figure 2-10 Comparison of the P-wave frequency-amplitude spectra of the ultrasonic signals at 
different magnitudes of the uniaxial stress. 
2.4.2 Ultrasonic wave variations with damage and different input excitations 
As the wavelength of the ultrasonic signals as produced by the 5 MHz, 10 MHz and 15 
MHz input frequency excitations are consistently 1 order of magnitude smaller than the 
wavelength of the ultrasonic waves as generated by 1 MHz input excitations (Table 2-3), the 
changes in the ultrasonic wave characteristics with increasing uniaxial stress in the reasonably 
similar ultrasonic waves (5 MHz, 10 MHz, and 15 MHz; see Figure 2-7) have been compared at 
first (Figure 2-12). The effect of using 1 MHz input excitation on the ultrasonic imaging is later 
explained in contrast to these results. 
Figure 2-12 graphically depicts the effect of increasing uniaxial stress on the normalized 
amplitude of the ultrasonic waves. The amplitude of the transmitted waves was normalized with 
respect to their amplitude before loading, but after the honey coupling had set, similar to the 
procedure followed by Modiriasari et al. (2017). From Figure 2-12, it can be observed that the 
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changes in the normalized amplitude of the ultrasonic waves follow a relatively consistent trend 
for all the specimens (S1 to S9). Initially, below the stress level of 20%-30% of UCS, an increase 
in the normalized amplitude of the ultrasonic waves can be observed. With further increase in the 
stress (30% to 70% of the UCS), the normalized amplitude of the ultrasonic waves starts to 
decrease as the applied load on specimens is increased. The normalized amplitude reduces 
sharply as the applied stress on the specimen is increased beyond 60%-70% of the UCS.  
 
Figure 2-11 (a) Stress-strain plot for the specimen S3. Plot also shows the CI crack strain. (b) CD 




Figure 2-12 Normalized amplitude-stress relationship for the uniaxially loaded specimens of 
Lyons sandstone. 
The initial increase in the amplitude of the ultrasonic signals (20%-30% of UCS) can be 
associated with the closure of micro-defects, pore-space collapse and finite elastic compression 
of the grains (Bieniawski, 1967a,b; Eberhardt et al., 1998; Diederichs, 2003; Nicksiar and 
Martin, 2012; Shirole et al., 2018b). This facilitates a packed grain structure in the rock volume 
which increases the contact area between the grains of the rocks, resulting in an increase in the 
amplitude of the transmitted ultrasonic waves (Gheibi and Hedayat, 2018). Gowd (1970) also 
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observed that ultrasonic wave amplitude increases at low levels of loading (30%-50% of UCS) 
for rocks stressed under uniaxial stress conditions. The attenuation in the amplitude of the waves 
with increasing stress magnitude (30% to 70% of the UCS) can be attributed to the formation and 
initiation of microcracks in the rock volume, which is further supported by the CI (20% to 30% 
of UCS) threshold of LS at which stable microcracks start to form in the rock volume. The 
microcracks tend to filter the high energy components of the ultrasonic waves resulting in 
ultrasonic wave amplitude attenuation (Rao and Ramana, 1974; Modiriasari et al., 2017). The 
accelerated reduction in normalized amplitude beyond 60%-70% of the UCS can be associated 
with crack coalescence (CD stress threshold) because of which rocks begin to exhibit absolute 
dilatancy due to the creation of additional crack space, which can lead to a drastic reduction in 
the transmitted wave amplitude. The observed reduction in the ultrasonic wave amplitude with 
increasing magnitude of uniaxial stress is consistent with the findings of Shirole et al. (2019a,b), 
who found that the ultrasonic wave amplitude reduces near-linearly as the non-elastic strain (the 
primary source of microcracking) increases in the volume of the rock specimens with increasing 
magnitude of the applied uniaxial loading. 
The changes in the normalized amplitude of the ultrasonic waves were more closely 
analyzed by plotting the first derivative of the amplitude-percent failure plots as shown in Figure 
2-13. If A is the amplitude of the ultrasonic wave, and P is the percent failure, then Figure 2-13 
shows profile of dA/dP at increasing values of P. Following from Figure 2-13, the changes in the 
derivative of the normalized amplitude can be easily classified into three regions, similar to the 
work of Rao and Ramana (1974). Region I corresponds to the initial increase in the values of 
dA/dP which later become constant close to the end of Region I. The end of region I (or 
beginning of region II) indicates the onset of relative dilatancy (CI) due to stable microcracking 
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in the rock volume, which causes a reduction in the slope of the dA/dP vs. P curve at the 
boundary of Region I and Region II (marked by Seismic-CI in Figure 2-13). Following this, the 
dA/dP vs P curve has a constant and consistent slope in Region II. The stress corresponding to 
the start of region II is hypothesized to correspond to CI, and for the purposes of this study is 
referred to as seismic-CI (SCI). The end of region II is again marked by a sharp change in the 
slope of the dA/dP vs P curve. The stress corresponding to this change is hypothesized to 
correspond to CD, and for the purposes of this study is referred to as seismic-CD (SCD). The 
SCI and SCD magnitudes, for all the specimens, were estimated based on the changes in the 
slope of the dA/dP vs P curves. The procedure that was followed for the characterization of the 
SCI and SCD magnitude has been explained in detail in Appendix A. 
 
Figure 2-13 First-order derivative of the amplitude-stress curve shown in Figure 2-11, where A is 
the amplitude of the ultrasonic wave and P is the percent failure. The seismic-CI and seismic-CD 
are also shown with the stages of damage evolution in the specimen. 
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Wave transmission in a medium is dependent on: (1) the mechanical stiffness (defined by 
the spatial distribution and amount of contact within a crack) of the cracks present in the 
medium; and (2) on the frequency of the propagating wave, as cracks having higher mechanical 
stiffness are sampled by higher frequency components of the wave and vice-versa (Pyrak-Nolte 
and Nolte, 1992; Acosta-Colon et al., 2009). As similar dominant wave frequencies are 
transmitted across the volume of the rock specimens for all the input excitation frequencies (see 
Table 2-3; except for 1 MHz), it is reasonable to deduce that the spatial distribution and 
stiffnesses of the microcavities (cracks and pores) at the initial state of the specimens is 
consistent for all the rocks specimens, as only a particular component of the input excitation 
frequency propagated through the volume of the rock specimens (Table 2-3). A closer look at 
Figure 2-14 which shows variation in the normalized mean frequencies (normalized with respect 
to the mean frequency prior to loading but after the honey coupling period) of the ultrasonic 
waves at different levels of stress, demonstrates that the variation in the normalized mean 
frequencies as sampled through the 5, 10 and 15 MHz input frequencies are sensitive to the 
damage due to the uniaxial loading. Figure 2-14 (5 MHz) shows an increase in the mean 
frequency of the waves below the stress level of 20%-30% of UCS, which starts to decrease as 
the applied load on specimens is increased (30% to 70% of the UCS). The mean frequency 
begins to reduce sharply as the load applied on the specimens is increased beyond 70% of the 
UCS. At higher input excitation frequencies (10 MHz and 15 MHz in Figure 2-14), the results 
are relatively less consistent compared to the results at 5 MHz: the variation of normalized mean 
frequency for specimens S6 (10 MHz) and S9 (15 MHz) follow a different trend showing near 
constant mean frequency up to 90% of the failure load. As it has been described earlier in the 
section that the inherent microstructure of the specimens in their intact state is similar based on 
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the ultrasonic measurements (similar transmitted dominant wave frequencies for 5, 10 and 15 
MHz wave as given in Table 2-3), the reason for such inconsistency can be associated with the 
differences in the near-field of the ultrasonic beams as generated by the three transducer types 
(Basu and Aydin, 2006). The near-field is the region directly in front of the transducer where the 
signal is in a transient state due to the constructive and destructive interference of the multiple 
pulses originating from the source face of the transducer as shown in Figure 2-15 (Basu and 
Aydin, 2006; Hedayat, 2013). The transient nature of the ultrasonic signal in the near-field 
reduces the sensitivity of the signals to detect changes in the propagating medium; accordingly 
studies have also shown that it is favorable to perform the ultrasonic measurements in the far-
field where the ultrasonic intensity is uniform (Figure 2-15) (Ghaziary and Kirk, 1991; Basu and 
Aydin, 2006; Olympus Ultrasonic Transducers Technical Notes, 2011; Hedayat, 2013). The 
near-field length of the 10 and 15 MHz transducers is at least twice the near-field length of the 5 
MHz transducers (Table 2-3), which explains the ultrasonic measurements obtained using the 10 
and 15 MHz transducers. Figure 2-12, which compares the changes in normalized amplitude 
with damage, also shows that the 5 MHz frequency input provides a more consistent mapping of 
the internal damage processes in the specimens in comparison to the results of 10 and 15 MHz 
input (S6, and S9 specimens follow a different trend). These observations are consistent with the 
fact that it is essential to minimize the length of the near-field for greater sensitivity in ultrasonic 
measurements (Ghaziary and Kirk, 1991; Basu and Aydin, 2006; Hedayat, 2013). 
It has previously been advocated that changes in ultrasonic wave velocities could be used 
for prediction of imminent failure in rocks (Sayers et al., 1990; Ghazvinian, 2015). The 
sensitivity of either the ultrasonic wave amplitude or ultrasonic velocity in capturing the 
evolution of damage (microcracking) in a medium is dependent on the frequency of the 
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transmitted ultrasonic wave as proven by the observations obtained by the application of 
displacement discontinuity theory (Pyrak-Nolte et al., 1990a,b; Chen et al., 1993; Hedayat et al., 
2014a). At high frequency (frequency in the range of MegaHertz) the ultrasonic wave amplitude 
is more sensitive than the wave velocity to changes in the mechanical properties of the cracks, 
while at low frequency (frequency in the range of hundreds of Hertz) the wave velocity tends to 
be more sensitive (Pyrak-Nolte et al., 1990a,b; Chen et al., 1993; Hedayat, 2013; Modiriasari et 
al., 2017). The results in the present work show (Figure 2-16) that the changes in the normalized 
velocities (normalized with respect to the velocity prior to loading but after the honey coupling 
period) are independent of the transducer characteristics (as frequency are in the order of MHz) 
and that the normalized velocity roughly shows a drop of 25% from initial values in contrast to 
90% and 50% reductions in normalized amplitude and normalized mean frequency, respectively. 
This observation is consistent with the fact that at high frequencies (frequency in the range of 
MegaHertz) the seismic wave amplitude is more sensitive than the wave velocity to changes in 
the mechanical properties of the cracks. This is also consistent with the conclusions of several 
other studies that attenuation is much more sensitive than velocity to flaws in the medium 
through which a wave propagates (Gowd, 1970; Gupta, 1973; Rao and Ramana, 1974; 
Modiriasari et al., 2015). 
Figure 2-17 shows the variation in ultrasonic wave characteristics as mapped by the 1 
MHz transducers. Figure 2-17a shows that the normalized amplitude starts to decrease from the 
very early stages of loading, with a significant change in slope occurring near 30% of the failure 
strength. The normalized mean frequency does not show any trend in response to the stress 
applied to the specimen and is inconclusive (Figure 2-17b). These observations are in contrast to 
the damage-induced changes in the ultrasonic wave parameters obtained through the use of 5 
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MHz, 10 MHz, and 15 MHz transducers (compare Figures 2-12, 2-14 and 2-17a,b). To ensure 
that the 1 MHz transducers were functioning correctly, the ultrasonic waves generated by the 1 
MHz transducers were transmitted across a standard aluminum specimen. Figure 2-18 shows the 
frequency spectrum for the 1 MHz transducer signal (Figure 2-9a) transmitted across the 
aluminum specimen. The dominant frequency of the 1 MHz transducer is 0.85 MHz, which 
demonstrates that the transducer was in proper functioning condition. The significant difference 
in the ultrasonic response from the 1 MHz transducer and the other (high-frequency) transducers 
is in the wavelength of the transmitted ultrasonic signal, as large signal wavelength in 
comparison to the size of the microcracks downgrades ultrasonic resolution, and consequently, 
the efficiency of the signals to characterize changes in the microstructure of the medium (Basu 
and Aydin, 2006; Modiriasari et al., 2015). The dimension of the microcracks in LS is expected 
to be approximately 190 μm, as studies have found that in the case of brittle rocks, most of the 
microcracking-related damage features (microcracks) have dimensions similar to the grain size 
of the rocks, (average grain size of Lyons sandstone is 190 μm) (Diederichs, 1999; Hazzard et 
al., 2000; Mighani et al., 2016; Shirole et al., 2019a). The microcracks are therefore are an order 
of magnitude smaller than the wavelength of the 1 MHz transducers (5 mm). The inability of the 
larger wavelength of the ultrasonic waves as generated by the 1 MHz input frequency 
(wavelength of 1 MHz ultrasonic wave is five times the wavelength of the 5 MHz ultrasonic 
wave; Table 2-3) to accurately resolve the stress-induced microcracks explains the inability of 
the 1 MHz transducer to characterize damage evolution in the volume of the rock specimens. 
This is consistent with the observation of Gowd (1970) who found that ultrasonic signals with 
large wavelengths in comparison to the microcracks are insensitive in characterizing the presence 
of damage in a medium. For the 5 MHz, 10 MHz and 15 MHz transducers, the wavelengths of 
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the transmitted waves were 0.93 mm, 0.43 mm and 0.31 mm (Table 2-3), respectively, which 
were in the range of the size of the microcracks present in LS. The better correlation between the 
wavelength of the high-frequency transducers (5 MHz, 10 MHz, and 15 MHz) and the size of 
microcracks potentially enabled the higher frequency transducers to be more sensitive to capture 
damage related changes in the LS specimens. 
 
Figure 2-14 Normalized mean frequency variation with percent stress relationship for the 
uniaxially loaded specimens of Lyons sandstone. 
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2.4.3 Strain-Seismic CI-CD comparison 
As discussed in Section 2.4.2, the high-frequency transducers (5 MHz, 10 MHz and 15 
MHz) have better sensitivity in capturing the different stages of damage evolution in the 
uniaxially loaded specimens. Subsequently, the SCI and SCD threshold for the specimens were 
calculated using the ultrasonic measurements obtained using the high-frequency transducers 
only. A similar approach as was used for determining these (SCI and SCD) thresholds using the 
amplitude-percent failure plots (Figure 2-13) was implemented for the determination of these 
thresholds through the mean frequency-percent failure and velocity-percent failure plots (Figures 
2-14 and 2-16). Box-plots for the ultrasonically measured SCI and SCD values along with the CI 
and CD values as obtained using the strain-based measurements are presented in Figure 2-19. 
 
Figure 2-15 (a) Shape of the ultrasonic/seismic beam (b) variation of the amplitude ultrasonic 
beam (modified from Hellier, 2001). 
A statistical comparison between the ultrasonically measured SCI and SCD thresholds 
and the strain-based calculation of CI and CD thresholds is performed using the analysis of 
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variance (ANOVA) (Nicksiar and Martin, 2012). ANOVA is a statistical technique which tests 
the similarity between two or more than two sets of experimental data using the p-value 
estimation; where a small p-value indicates significant difference between the compared data sets 
and vice-versa (Mathworks, 2018b). In Tables 2-4 and 2-5, the first two columns show the pair 
of groups that are evaluated, which are basically the strain-based CI-CD values (column 1) and 
the ultrasonically measured SCI-SCD values (column 2), while the sixth column gives the p-
value estimates. Table 2-4 shows that the p-values are relatively high for SCI-A and SCI-F, 
while they are consistently low for SCI-V. The small p-values for the SCI-V measurements show 
that the velocity measurements are not sensitive in capturing the low levels of damage associated 
with CI (microcrack initiation) in the specimens, which is consistent with the findings of various 
previous studies that at high frequencies (range of MHz) the ultrasonic wave velocity is less 
sensitive in capturing low levels of damage than the ultrasonic wave amplitude (Pyrak-Nolte et 
al., 1990a; Chen et al., 1993; Barnhoorn et al., 2018; Shirole et al., 2019a,b). The high p-values 
for the SCI-A and SCI-F are consistent with the sensitive nature of the amplitude and frequency 
to capture the material damage ultrasonically. Overall, the different CI estimation methods tested 
show similar results as supported by high p-values (other than for SCI-V). Likewise, there is a 
coherent similarity in the CD values (Table 2-5; high p-values) calculated through the ultrasonic 
(seismic) and strain-based methods. SCD-V values calculated through velocity variations are 
also statistically similar to the strain-based CD, although the p-value is the lowest (0.75). The 
relative variation of velocity changes with respect to the amplitude (Table 2-5; SCD-A and SCD-
V comparison) again shows that velocity is a less sensitive parameter. The overall change in 
velocity as the specimen is loaded to failure was also the least with typically a ~25% change 
from initial values, in comparison to the 90% and 50% of changes observed in amplitude and 
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frequency of the ultrasonic signals (Figures 2-12, 2-14, 2-16). These experimental results show 
that the changes in the transmitted ultrasonic wave attributes (frequency and amplitude) can be a 
potential method for detection of crack initiation and propagation in rocks which is consistent 
with the conclusions of some similar studies (Modiriasari et al., 2015; Modiriasari et al., 2017; 
Barnhoorn et al., 2018). 
  





Figure 2-17 Normalized (a) amplitude-stress (b) mean frequency-stress (c) velocity-stress 
relationship for the uniaxially loaded specimens of Lyons sandstone ultrasonically monitored by 




Figure 2-18 The frequency-amplitude spectrum of the 1 MHz ultrasonic signals transmitted 
through an aluminum specimen. 
 
Figure 2-19 Statistical representation of the (a) CI thresholds (b) CD threshold as estimated by 
strain analysis and the changes in the ultrasonic wave characteristics for all the specimens. SG 
denotes strain gauge, CEx implies circumferential extensometer, SCI and SCD denotes seismic-
CI and seismic-CD calculated using- (A=amplitude; F=mean frequency; V= velocity). 
62 
 
Table 2-4 Comparison of the crack initiation (CI) thresholds as estimated by strain analysis and 
the changes in the ultrasonic wave characteristics (Amplitude, Mean Frequency and Velocity). 
CI Threshold (in % of the UCS) 
Results Compared 









CI-SG CI-CEx -3.56 1.70 6.96 0.88 
CI-SG SCI-A -1.17 3.63 8.42 0.21 
CI-SG SCI-F -1.76 3.50 8.76 0.32 
CI-SG SCI-V 0.57 5.28 9.99 0.02 
CI-CEx SCI-A -2.54 1.93 6.39 0.72 
CI-CEx SCI-F -3.16 1.80 6.76 0.82 
CI-CEx SCI-V -0.79 3.58 7.95 0.15 
Table 2-5 Comparison of the crack damage (CD) thresholds as estimated by strain analysis and 
the changes in the ultrasonic wave characteristics (Amplitude, Mean Frequency and Velocity). 
CD Threshold (in % of UCS) 
Results Compared 










CD SCD-A -4.28 2.33 8.95 0.77 
CD SCD-F -8.79 -1.71 5.36 0.91 
CD SCD-V -9.06 -2.44 4.17 0.75 
SCD-A SCD-F -11.12 -4.05 3.03 0.42 
SCD-A SCD-V -11.40 -4.78 1.84 0.22 
2.5 Conclusions 
The sensitivity of ultrasonic monitoring in relation to the input excitation frequency 
(transducer frequency) was analyzed in the present study. The variations due to damage in the 
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observed amplitude and frequency of the transmitted active signals triggered by different input 
excitation frequencies indicated that a proper selection of transducer central frequency is vital for 
interpretation of the damage characteristics. The dependence of the near-field and wavelength on 
the input excitation frequencies is believed to be the primary reason for the observed sensitivity 
of the ultrasonic monitoring to the transducer central frequency. As the near-field zone increases 
with respect to the total length of the cracked propagating medium, ultrasonic variations due to 
damage tend to be less coherent, leading to a reduced signal to noise ratio.  
The evaluation of the mean frequency of the transmitted waves is a novel approach for 
characterizing damage processes in rock. It was observed that both amplitude and mean 
frequency changes are sensitive to the micro-mechanical damage due to the applied external 
loads. Ultrasonic velocity was insensitive to the micro-scale mechanical changes in the 
specimens and was also not particularly influenced by the changes in the input excitation 
frequencies (as the frequencies were in the order of MegaHertz, Chen et al. (1993)).  
The CI and CD thresholds as a percentage of the failure strength based on the strain 
measurements were calculated. SCI and SCD thresholds were also estimated from the amplitude-
stress, frequency-stress, and velocity-stress plots. Statistical analysis proved that the ultrasonic 
(SCI-A; SCI-F) and strain-based CI thresholds were comparable, but the velocity-calculated SCI-
V values were significantly different from the strain-based CI thresholds. The ultrasonic (SCD-A 
and SCD-F) estimates were statistically similar to the strain-based CD estimates. These results 
suggest that changes in the amplitude and mean frequency of actively transmitted ultrasonic 
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CHAPTER 3  
NON-LINEAR ULTRASONIC MONITORING OF DAMAGE PROGRESSION IN 
DISPARATE ROCKS   
This paper has been published in the journal International Journal of Rock Mechanics and 
Mining Sciences (Shirole et al., 2018b). It is reprinted by permission from Elsevier with minor 
format variations. Partial contents of this chapter have also been presented at the 52nd American 
Rock Mechanics Symposium, June 17-20, 2018, Seattle, USA (Shirole et al., 2018a). 
Deepanshu Shirole, Gabriel Walton, Lev Ostrovsky, Hossein Masoumi, and     
Ahmadreza Hedayat 
3.1 Abstract 
This chapter focusses on non-destructive characterization of stress-induced damage 
progression in three types of rocks by experimentally capturing the elasto-dynamic non-linear 
response of the rocks, with the hypothesis that non-linear approaches have increased sensitivity 
relative to linear ultrasonic testing approaches. For this task, a non-linear ultrasonic testing 
procedure known as the Scaling Subtraction Method (SSM) has been implemented on uniaxially 
loaded rock specimens. The SSM procedure is based on exciting the damaged medium with two 
acoustic signals at different amplitudes consecutively. The linearly rescaled acoustic response at 
low excitation is subtracted from the response at large amplitude excitation for quantification of 
the elastic non-linearity of the medium by a non-linear indicator θ. At first, aluminum, Lyons 
sandstone, granodiorite and Gosford sandstone specimens were characterized using SSM and 
their inherent non-linearity was quantified. After this, the rock specimens were loaded under 
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uniaxial compressive step-loading and ultrasonic measurements were performed simultaneously 
at each loading step. The non-linear indicator θ was calculated as the specimens were 
progressively damaged, and the changes in the non-linear response were linked to the different 
physical processes accompanying damage progression in rocks. The study concluded that the 
non-linear SSM technique is capable of sensitively recording signatures of the different stages of 
damage evolution in rocks. 
3.2 Introduction 
Numerous critical structures, like dams, bridges, tunnels, caverns, nuclear waste 
repositories, have been constructed with rocks being the ultimate load bearing structures. During 
the design life of these structures, rocks are generally subjected to anisotropic stresses 
(mechanical, thermal, chemical or seismic), which can lead to the evolution of microcrack 
related damage in the rock volume, eventually causing a degradation in the rock’s strength 
(Brace et al., 1966; Kranz, 1983; Chaki et al., 2008; Renaud et al., 2012; Haupert et al., 2014). 
As a result, the life span of these structures is compromised, putting the involved life and 
property at risk. Therefore, it is important to consider the effect of microstructural damage 
related strength degradation in the engineering design and put in-place an efficient monitoring 
plan. Consequently, it is imperative to develop techniques through which one can monitor early 
damage manifestations in rocks, and at the same time understand the damage processes 
associated with microstructure in rocks (Cai et al., 2004; Munoz et al., 2015). Non-linear 
ultrasonic testing (NLUT) techniques have shown a great potential in detecting low level of 
damage in a wide spectrum of materials ranging from synthetic rocks (e.g. concrete and mortar) 
to rocks (Shokouhi et al., 2017). In this study a variant of NLUT technique - the Scaling 
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Subtraction Method (SSM) - has been used to evaluate its potential in detecting the signatures of 
different stages of microcracking in uniaxially loaded intact rock specimens.     
Linear ultrasonic testing (LUT) is a more traditional approach for non-destructive 
characterization of damage in materials, and probes the changes in the linear ultrasonic wave 
parameters (see Section 2.2) as damage accumulates in a material (Hudson, 1981). The linear 
theory of ultrasonic wave propagation is based on the assumption that the pulse velocity in a 
medium is constant, and the density and elasticity of a medium is independent of the transmitting 
wave amplitude (Zheng et al., 2000). Theoretically, this assumption implies that an ultrasonic 
wave will not be distorted as it propagates through a medium, although its amplitude might 
reduce due to scattering of the acoustic energy; that is why amplitude is a more sensitive 
parameter for capturing signatures of damage in a medium (Walsh, 1966; Gowd, 1970; Gupta, 
1973; Suaris and Fernando, 1987; Shah and Hirose, 2009). Although wave attenuation is a fairly 
sensitive parameter for monitoring damage in a material, the changes of wave amplitude can be 
insignificant at low crack densities (Nagy, 1998; Shokouhi et al., 2017). Also, it has been 
documented that the signatures of damage evaluated using LUT methods are sensitive towards 
the fundamental frequency of the transducers used (Shah and Chandra, 1970). As such, LUT 
methods may fail to allow for clear identification of low to moderate levels of damage in a 
material (Nicholson and Bouxsein, 2000; Van Den Abeele and Visscher, 2000; Shokouhi et al., 
2010), which is crucial for understanding the onset of damage in rocks.  
Studies have shown that non-destructive techniques that have the potential to extract the 
elasto-dynamic non-linear response of a material have broad implications in the non-destructive 
evaluation of materials (Guyer and Johnson, 1999; Ostrovksy and Johnson, 2001; Munoz et al., 
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2015). NLUT approaches specifically capture the non-linear response signatures, which are 
originated in geomaterials particularly due to the presence of inhomogeneous features, like 
microcracks, grain boundaries, joints, debonding, delamination, crystal lattice defects, etc. 
NLUT has the distinct advantage that it is extremely sensitive towards micro-damage as 
compared to LUT (Nagy, 1998; Van Den Abeele and Visscher, 2000; Roe et al., 2007; Worden 
et al., 2008; Munoz et al., 2015; Shirole et al., 2018a). NLUT technique analyzes the non-linear 
interaction of ultrasonic waves with the material, and, specifically characterizes the non-linear 
effects such as: (i) super and sub-harmonic generations using the Finite Amplitude technique 
(FA), which requires very precise acoustic measurements (Breazeale and Thompson, 1963; 
Zheng et al., 2000; Shah and Hirose, 2009); (ii) distortion in the resonance frequencies and wave 
attenuation with changes in excitation amplitudes using Non-linear Resonant Ultrasound 
Spectroscopy (NRUS) (Johnson et al., 1996; Johnson et al., 2004); (iii) wave mixing interactions 
using Non-linear Wave Modulation Spectroscopy (NWMS) (Munoz et al., 2015); and (iv) 
changes in the ultrasonic times-of-flight using a frequency mixing procedure known as the 
Dynamic Acousto-Elastic Technique (DAET) (Winkler and Liu, 1996; Lillamand et al., 2010; 
Renaud et al., 2012; Haupert et al., 2014; Riviere et al., 2015). These techniques quantify the 
non-linear material behavior by using several non-linear material parameters (Winkler and Liu, 
1996; De Pascalis, 2010; Renaud et al., 2012). In the same group of damage detection techniques 
exploiting the non-linear features of the elastic response lies the Scaling Subtraction Method 
(SSM) (Scalerandi et al., 2008; Bruno et al., 2009; Antonaci et al., 2010a,b; Porcu et al., 2017). 
SSM was proposed to overcome some issues affecting the more traditional NLUT damage 
detection techniques (for details, refer to, Worden et al., 2008; Munoz et al., 2015). The most 
significant issue affecting NLUT methods is the low signal to noise ratio at moderate levels of 
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damage, which, decays rapidly on moving away from the source of non-linearity, therefore 
requiring very precise measurements (Scalerandi et al., 2008; Munoz et al., 2015). The benefit of 
SSM lies in the fact that the amplitude of the acquired non-linear signals is large enough to be 
easily distinguishable from the background noise. The NLUT-SSM approach has also been 
found to be effective in detecting presence of localized damage in composite materials (Porcu et 
al., 2017), without the need of localizing transducers close to the source of non-linearity (defects) 
in the materials. Furthermore, Antonaci et al. (2010a) compared the sensitivity of the LUT 
measurements against that of NLUT-SSM measurements for detecting damage progression in 
concrete, and concluded that NLUT-SSM is more effective than the traditional LUT 
measurements, in that, it can detect the distinction between initial stages of material degradation 
and late damage propagation.  As such, SSM has been previously used to identify damage in 
concrete and composite plates, but the effectiveness of SSM technique for detecting the presence 
of microcracking related damage in rocks has not yet been assessed.  
Therefore, in the present chapter, the NLUT-SSM has been tested to assess its potential 
for characterizing the damage processes in rocks with a primary focus on the early level damage. 
Three rock types, Lyons sandstone (LS), granodiorite (G) and Gosford sandstone (GS) were 
tested for this purpose. An attempt is also made to characterize the difference in the observed 
non-linearity of the three rocks based on their microstructure. The structure of the chapter begins 
with a brief introduction on the fundamentals of non-linear ultrasonics. Next, the SSM (Scale 
Subtraction Method) technique has been described, followed by the testing procedure, and, then 




3.3.1 Non-linear constitutive model 
The non-linearity in a material’s characteristic behavior can be understood from three 
perspectives (Munoz et al., 2015): (i) the continuum mechanics perspective, where the 
constitutive laws relating stress-strain deviate from the Hooke’s law (Masoumi et al., 2016); (ii) 
the wave equation perspective, where the non-linear parameters are directly related to the 
observations appearing in ultrasonics; and (iii) the micro-mechanics perspective, where physical 
and phenomenological models are postulated so as to explain the observed non-linearity from 
perspectives (i) and (ii). Since the definite explanation of the mechanistic origins of non-linearity 
is still being researched (Munoz et al., 2015), here the mathematical description of non-linearity 
is described based on principles of continuum mechanics.  
For an elastic material, the weakly non-linear elastic theory considers a Taylor series 
expansion of the elastic energy function in strain powers (Landau and Lifshitz, 1986; Lai et al., 
2009; De Pascalis, 2010; Chillara et al., 2012): 
 
           
 
'λ A2 2 3 ' 2W = trE +μtr E + trE +B trE tr E
2 3




Equation 3-1 is an expansion for strain energy (W) with up to third order terms in strain 
powers, where: λ, µ are the Lame’s constants, tr denotes trace of matrice, E is Lagrangian strain 
tensor and A', B', C' are the Landau’s third-order elastic constants (De Pascalis, 2010). The 
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second Piola-Kirchoff stress SII can be obtained in terms of Lagrangian strain E through 







   (3-2) 






S =λtr E I+2μE+A tr E I+B trE I
     + 2B trE E+C E
  (3-3) 
The Lagrangian strain E is computed from the displacement gradient D as per Equations 
3-4 and 3-5, where X denotes the Lagrangian coordinates of the material points in the reference 
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SII can be expressed in terms of its argument D as per Equation 3-6: 
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Using Equation 3-6, the stress tensor SII can be decomposed into its linear (L) and non-




IIS D = S (D)+S (D)    (3-7) 
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The second Piola-Kirchoff stress SII can be related with the first Piola-Kirchoff stress SI 
through the deformation gradient E* = I + E, by SI = E*· (SII), i.e. 
      
I I
* L * NL *
IS E = S E +S E    (3-10) 
For defining the geometric non-linear effects under small strains (propagating ultrasonic 
waves) in an ideal material obeying Hooke’s law, the often-neglected term (DTD) should be 
considered in the description of the material constitutive laws represented by Equation 3-10 
(Chillara et al., 2012; Broda et al., 2014; Munoz et al., 2015). However, the non-linear 
mechanical behavior described by this continuum-based theory of elasticity is only capable of 
exhibiting classical non-linear anharmonic effects arising from atomic scale forces (Ciampa et 
al., 2014). It has been demonstrated that the non-linearity explained through this classical 
approach is not capable of quantitatively predicting observations in a wide class of consolidated 
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materials like soil, cement, rocks, etc (Johnson et al., 2004; Lebedev and Ostrovsky, 2014). The 
compliant structural elements present in these kinds of materials tend to mask the classical 
atomic-molecular interactions and lead to hysteresis and memory features in the stress-strain 
relationship (Holcomb, 1981; Zheng et al., 2000). These materials therefore tend to exhibit a 
discontinuous relationship between elastic properties and strain amplitude (unlike Equation 3-
10), and are non-classical non-linear materials. Different models can be used for predicting non-
classical non-linearity which ultimately has an effect on the material constitutive laws (Nobili 
and Scalerandi, 2004; Vakhnenko et al., 2004). In 1999, Guyer and Johnson gave a non-analytic 
term (modified to Z in this chapter) by assuming a different expansion of the constitutive law 
(Guyer and Johnson, 1999), which could describe the contribution of the non-classical hysteretic 
elastic elements, simplified in Equation 3-11 (Munoz et al., 2015): 
      
I I
* L * NL * * *
IS E = S E +S E E ,EZ
        
  (3-11) 
Given the material constitutive law (Equation 3-11), the one-dimensional wave equations, 
for solids manifesting classical and non-classical behavior, can be obtained by using the principle 
of dynamic equilibrium (Munoz et al., 2015): 
  1,tt* I11,xρ E = S +f(x,t)   (3-12) 
where, ρ is the material density and f defines the source excitation (Bruno et al., 2009). The non-
linear contributions in the material constitutive behavior as defined through Equations 3-11 and 
3-12 tend to break the proportionality between the material response and the source excitation. 
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From Equation 3-12, it is noticeable that the non-linear contributions in the response will rise if 
the source energy pulsed in the material is large and vice-versa (Frau et al., 2015). The increased 
non-linear contributions at high source excitation violate the linearity-based superposition 
principle, and this phenomenon is exploited by the SSM technique (Bruno et al., 2009). 
3.3.2 Scaling subtraction method (SSM) 
The idea behind SSM is that the non-linear contributions in the response begin to appear 
only when a sufficient amount of energy is imparted to a material (Bruno et al., 2009; Frau et al., 
2015). For a pure pulse excitation with an amplitude (A) and frequency (ωo), the transmitted 
signal (v(t)) across a material medium can be expressed in terms of Fourier expansion 
(Scalerandi et al., 2008; Bruno et al., 2009; Antonaci et al., 2010a,b): 




v t B A n t A 


      (3-13) 
The response amplitude Bn (A) is governed by attenuation, dispersion and diffraction due 
to the granular microstructure of the consolidated materials (Zheng et al., 2000). Under a small 
pulse excitation amplitude (Alow), although a non-linear component of the wave response will 
exist (Equations 3-11, 3-12), it will be insignificant (Bruno et al., 2009; Frau et al., 2015). 
Consequently, the response at small amplitudes tends to replicate that of a linear or intact 
specimen, and the signal can be regarded as a linear signal (vlin(t)): 
        1 0 coslow low o o linv t B A t v t       (3-14) 
75 
 
Considering the dynamic response at low excitations to be linear, the linear response at 
sufficiently high pulse excitation with a scaled amplitude of Ahigh = k× Alow can be predicted 
using the linear superposition principle using the scale factor k: 
        1 0 cosref lin low o ov t k v t k B A t         (3-15) 
The linear response at high input excitations can be considered as the response of an 
equivalent linear system (Porcu et al., 2017).  
At the same time, the actual response of the material vhigh(t) at high input excitation 
(Ahigh) will include non-linear signal contributions and the relationship between the signals 
would be: 
      ref lin highv t k v t v t     (3-16) 
The deviation of the recorded signal from the linear reference signal represented by 
Equation 3-16 is exploited by the SSM technique for quantifying damage and inherent elasto-
dynamic non-linear response of a material (Scalerandi et al., 2008; Bruno et al., 2009; Antonaci 
et al., 2010a; Frau et al., 2015). SSM implements the extraction of the non-linear response 
through the application of a scaled subtracted signal vss(t): 
      ss ref highv t v t v t    (3-17) 
The SS signal can be expressed in the form of Equation 3-18 using Equations 3-14 to 3-17: 
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 (3-18) 
Except for noise effects, the scale subtracted signal will be negligible for non-damaged 
and linear materials (perfectly linear behavior), while it will increase with increasing amounts of 
material non-linearity and damage (Porcu et al., 2017). In principle, the classical non-linear 
Landau parameters can be estimated by the analyses of the SS signals (Bruno et al., 2009), 
however, this subject is not explored further in this chapter because the non-linearity studied here 
is of the rock samples that exhibit non-classical non-linear behavior (Guyer and Johnson, 1999).  
In laboratory applications, the SSM can be implemented in 3 steps: (i) first, the response 
of the specimen for a small amplitude excitation is recorded; (ii) a scaled amplitude high voltage 
excitation is consecutively applied to the specimen and the response is recorded; (iii) the 
difference between the linear reference signal and the recorded signal is analyzed. The non-linear 
content of the response can be quantified through the total SSM indicator θ which represents the 
energy of the SSM signal and is calculated based on the area under the time-domain SSM signals 













       (3-19) 
Here, N=10000 is the number of samples that corresponds to a sampling time of 10 µs for the 
response of the material with the sampling rate of 1 Giga-samples per second, Ass is the 
amplitude of the SS signal (vss (t)) and ∆t is the interval between two sample points. θ as 
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calculated in the present work is normalized with respect to ∆t, because it is constant throughout 
the testing scheme. As shown in Equation 3-19, SSM is relatively robust given that the non-
linear signature is derived by a simple subtraction method and doesn’t require the introduction of 
mathematical parameters (e.g. time-window length, paddings and etc.) involved in filtering 
procedures for the analysis of the sub and super-harmonic wave components (Bruno et al., 2009). 
3.4 Experimental Design 
3.4.1 Materials 
This study on characterization and detection of processes associated with the progressive 
deformation in rocks was performed using three types of rocks: Lyons sandstone (LS), 
granodiorite (G), and Gosford sandstone (GS) (Figure 3-1). The physical and mechanical 
properties of LS have already been described in Section 2.3. The crystalline granodiorite rock 
specimens had grain sizes typically varying between 3-5 mm with a bulk density of 2766 kg/m3 
(Masoumi, 2013). It consists of quartz (45%-48%), plagioclase-feldspar (35%-40%), biotite-
mica (13%-16%), and finely disseminated iron oxides (2%-3%) (Savidis, 1982). The Gosford 
sandstone (GS) is a unit within the massive (290 m thick) Triassic Hawkesbury sandstone of the 
Sydney Basin on the east coast of New South Wales. Using an X-ray CT scan, the porosity of the 
GS was estimated to be between 18.5% and 20%, and the average solid density was calculated to 
be 2226.5 kg/m3 (Ord et al., 1991; Sufian and Russel, 2013; Roshan et al., 2016; Roshan et al., 
2017).  X-ray diffraction analysis of GS showed that it is comprised of quartz (86%), illite (7%), 
kaolinite (6%) and anatase (1%) (Masoumi et al., 2017). The maximum grain size was estimated 
to be 600 μm using the sieve analysis method (Masoumi et al., 2015). Four cores (1, 2, 3, 4) of 
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each rock type were prepared by drilling, and the specimens were surface grounded to within 
0.01 mm under dry conditions using mechanized grinding. All the prepared specimens were 
geometrically similar with a length to diameter ratio of approximately 2.25, and the diameters are 
shown in Figure 3-1.  
 
Figure 3-1 The rock types used in the study. From left to right, Lyons sandstone (LS), 
granodiorite (G), and Gosford sandstone (GS) respectively. 
3.4.2 Testing method 
Of the four specimens prepared for each rock, the first specimen was tested under 
monotonic uniaxial compressive loading, and conventional strain parameters, such as axial 
strain, radial strain and crack volumetric strain, were determined for the purpose of studying the 
damage evolution through the strain-based measurements (Ghazvinian, 2015; Shirole et al., 
2017a). For the other three specimens (2, 3, 4), the damage evolution was monitored using the 
NLUT-SSM approach. The specimens were damaged monotonically by applying a quasi-static 
compressive load along their axial dimension for damage characterization through the 
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conventional strain-based approach. The specimens were stressed under uniaxial conditions in 
axial displacement feedback at a rate of 1 μm/sec by employing the loading set-up as described 
in Section 2.3.1, and shown in Figure 3-2a. Parametric information such as load and strain was 
acquired using a chain extensometer and linear variable differential transformers (LVDT). The 
strain measurements helped in characterization of the internal damage processes in the rocks 
using the traditional approach which involves tracking of the stress-strain changes. The onset of 
cracking (termed as crack initiation, CI) was characterized using the point of inflection in the 
crack volumetric strain curve (Ghazvinian, 2015), while the crack propagation (termed as crack 
damage, CD) was characterized based on the estimation of stress corresponding to the onset of 
relaxation in the elastic modulus of the rock, as calculated through the tangent modulus curve 
(Eberhardt, 1998; Ghazvinian, 2010; Walton et al., 2015; Walton et al., 2017). 
The non-linear ultrasonic SSM measurements on the specimens (2, 3, and 4) of each of 
the rock type were performed using the equipment shown in Figure 3-2. Two identical 
piezoelectric longitudinal wave transducers (V-103) from Olympus NDT, Inc with a central 
frequency of 1 MHz and element diameter of 13 mm were used in the study as the emitter and 
receiver of the ultrasonic waves (Figure 3-2a) (Antonaci et al., 2010a,b; Renaud et al., 2011; 
Frau et al., 2015; Porcu et al., 2017). The use of 1 MHz central frequency facilitated clear 
transmission of the ultrasonic waves without compromising on the sensitivity of the waves 
towards defects in the rock volume. Honey was used as the coupling medium for reducing the 
effect of impedance mismatch at the contact area between the rock and transducers as described 
in Section 2.3 (Couvreur and Thimus, 1996; Hedayat et al., 2012; Hedayat et al., 2013; Hedayat 
et al., 2014a,b,c,d; Gheibi and Hedayat, 2018). Rubber bands were used to attach the transducers 
to the specimen. The transducer assembly and coupling process was systematized to ensure 
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repeatability in the ultrasonic measurements (~2%-3%) (Hedayat et al., 2014a; Shirole et al., 
2017a).  
 
Figure 3-2 (a) Typical UCS set-up in combination with the ultrasonic transducers, where: (a1) 
granodiorite specimen; (a2) chain extensometer; (a3) LVDT; (a4) emitting transducer; (a5) 
receiving transducer. (b) The experimental equipment used for the SSM ultrasonic 
measurements, where: (b1) oscilloscope and (b2) waveform generators.    
81 
 
The excitation to the emitting (source) transducer was provided by two types of 
waveform generators: for low voltage excitation (1 V-20 V), the Agilent 3350B from Keysight, 
Inc. was used, and for high voltage excitation (up to 400 V) a 5077PR from Olympus, NDT was 
used (Figure 3-2b). The two waveforms generators were calibrated and synced so as to output 
identical time-domain single cycle ultrasonic pulses at a frequency of 5 kHz. The input 
excitations to the emitting transducers were gradually increasing which helped in systematic 
acquisition of the transmitted signals. The transmitted ultrasonic pulses were acquired in real-
time using the 9-bit Tektronix TDS 3014C DP oscilloscope (Figure 3-2b). A LabVIEW program 
was written to acquire the signals from the oscilloscope to the PC in real-time. The transmitted 
signals were acquired with a sampling frequency of 1 GHz which ensured a precise signal 
reconstruction based on the Nyquist’s theorem (Antonaci et al., 2010a,b).  
The NLUT-SSM technique was applied for understanding the behavior of the three 
disparate rocks (Figure 3-1) in both their undamaged (intact) and damaged states. At first, an 
intact 2024 aluminum alloy specimen with similar dimensions as that of the rocks was used as an 
elastically linear standard material to calibrate the experimental set-up, and to quantitatively 
compare its non-linearity relative to the rocks (Chaki et al., 2008; Bruno et al., 2009; Antonaci et 
al., 2010a,b; Renaud et al., 2011). After this, the NLUT-SSM approach was employed for 
tracking the different stages of damage evolution in the rock specimens. The rock specimens 
were damaged through uniaxial step-loading at 1 µm/s, and periodically throughout the test, the 
strain level was held constant at each step to allow a series of ultrasonic measurements to be 
made. At each level of the step-load, the SSM approach as described in Section 3.2.2 was 
implemented for quantifying the elasto-dynamic non-linear response of the specimens through 
the total SSM indicator θ.  
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3.5 Results and Discussion 
3.5.1 Undamaged specimens 
As introduced in Section 3.4.1, three types of rock (Lyons sandstone, Granodiorite, 
Gosford sandstone) and one metallic (aluminum) specimen in their intact (undamaged) state have 
been tested using SSM. Figure 3-3 shows the reconstructed reference signal (vref (t)), high 
voltage non-linear signal (vnon-lin (t)) and the scale subtracted signal (vss (t)) for the specimens at 
similar levels of the transmitted voltages. The reference and non-linear signals are fairly similar 
for the aluminum specimen (Figure 3-3a) while there is a marked difference in these signals for 
Lyons sandstone, granodiorite and Gosford sandstone (Figure 3-3b-d). The distortion in the 
signals is associated with the sensitive phenomenon of non-linear attenuation of the waves and 
strain-dependent phase distortion of the recorded signals (Johnson and Sutin, 2005; Antonaci et 
al., 2010a,b; Porcu et al., 2017).  
The 2024 aluminum alloy used here consists of about 93% aluminum by weight and has 
grain sizes varying between 0.41 µm to 20 µm (Huda et al., 2009; Jacobs, 2010; Patil et al., 
2014; Li et al., 2016). Aluminum has a high-quality factor (Q-value) of about 150000 which 
implies no significant attenuation of the waves propagating through it (Toksöz et al., 1979; 
Pyrak-Nolte et al., 1990a; Wulff et al., 1999). This behavior of aluminum can be attributed to its 
strong metallic bonding, negligible porosity and minimal impedance mismatch at its grain 
boundaries. Consequently, aluminum is weakly non-linear, further confirmed by the very low 
amplitude of the scale subtracted signal (Figure 3-3a). In contrast, the three rocks show 
substantial amplitudes of the non-linear SS signals (Figure 3-3b-d). This inhomogeneous 
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behavior of the rocks is because of their complex microstructure comprising of several compliant 
features (Birch, 1960; Johnson et al., 1987). Sandstones (Lyons and Gosford), in particular, are 
comprised of hard (Quartz) phases and soft phases (clays, cracks, grain boundaries, joints, etc.), 
in which the soft phase occupies a much smaller volume (Guyer and Johnson, 2009). The hard 
phases, also termed as the ‘bricks’, are relatively insensitive to deformation while the soft phases 
(‘mortar’) are subjected to strong deformation, which is the fundamental origin of the non-linear 
response (Ostrovsky and Johnson, 2001; McGovern et al., 2017). In the case of the crystalline 
rock (granodiorite), the possible sources for the distortion of the received signals (Figure 3-3c) 
can be: (i) the contrast in the density and the elastic properties of mineral phases; (ii) the grain-
grain contact heterogeneity due to variable shape, size, and behavior of the grains, and, due to the 
dislocations contained within individual crystals (Granato and Lücke, 1956; Ostrovsky and 
Johnson, 2001; Renaud et al., 2011; Renaud et al., 2012; Farahmand and Diederichs, 2014; 
Riviere et al., 2015). Under low levels of dynamic strain, a longitudinal wave propagating 
through the soft phase will not face appreciable strain and the response can be presumed to be 
linear as the strain contrast between the hard and soft phases will not be significant, but at higher 
levels of dynamic strains, the strain contrast between the two phases is significant, and, therefore 
the received signal gets attenuated and distorted (Figure 3-3b-d). 
The non-linear indicator (θ) was calculated as a measure of the energy of the SSM signals 
(Equation 3-19) and is shown in Figure 3-4, which is the plot of θ versus the output amplitude of 
the transmitted signals for all the tested materials. The reproducibility of the SSM non-linear 
indicator θ was ascertained by measuring the θ values a total of 3 times for each of the rock 
specimens. The variation in θ values (Figure 3-4) as calculated through the acquired linear and 
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non-linear signals (Figure 3-3) for the rock specimens was 2%-5%. Accordingly, the precision in 
the estimated values of the non-linear indicator θ can be expected to be within 2%-5%. 
 
Figure 3-3 Superposition of the linear reference signal (solid red line) on the high voltage non-
linear signal (dotted black line). The SSM signal is also shown (solid blue line), which is the 
algebraic difference between reference and non-linear signal. (a) Aluminum; (b) Lyons 
sandstone; (c) Granodiorite; (d) Gosford sandstone.  
Figure 3-4 shows marked increase in non-linear indicator θ as a function of output 
amplitude for the three rock specimens, in contrast to the aluminum specimen, which is 
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characteristic of materials with marked non-linearity (Bruno et al., 2009). In particular, the non-
linear indicator (θ) of the aluminum specimen is an order of magnitude smaller when compared 
with the non-linear indicators (θ) of the sandstones and granodiorite. It is a verification of the 
fact the aluminum and its alloys exhibit a very weak classical elastic non-linearity (Johnson et 
al., 1987; Renaud et al., 2011; Renaud et al., 2012). The rock specimens, with high non-linear 
indicator (θ) values are inherently much more non-linear and exhibit non-linear dependence of θ 
on the test voltage. Gosford sandstone has the maximum sensitivity to the test voltage, while the 
sensitivity of granodiorite falls between that of the two sandstones. It is important to note that the 
mechanisms associated with elastic non-linear behavior in most of the sandstones differ from 
that of the non-linear processes in crystalline rocks (granodiorites) (Renaud et al., 2011; Renaud 
et al., 2012; Renaud et al., 2013; Rivière et al., 2015). The motion produced by a longitudinal-
wave is an alternating compression and expansion of the material, which generates alternating 
compressive and tensile strains around the microstructure. In case of sandstones, the alternating 
dynamic strains trigger material softening under both compressive and tensile strains. In 
comparison, material softening in granodiorites ensues only under tensile strains as the material 
hardens under compression (Renaud et al., 2012). This softening effect in sandstones can be 
explained by the shear dominated slipping mechanism at the grain-cement interaction which is 
activated under both compressive and tensile strains, while, in case of granodiorites, the origin of 
non-linearity is the ‘clapping action’ of dynamic opening and closing of grain contacts (Solodov, 
1998; Renaud et al., 2012). Following this, the non-linear behavior of the three rocks as observed 
in Figure 3-4 can be explained.  
Although both Gosford and Lyons sandstone have broadly similar mineralogical 
characteristics (i.e. they are primarily composed of quartz), the difference in the non-linearity of 
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the two rocks can instead be attributed to the porosity of the two rocks and their cementation. 
Gosford sandstone is much more porous (soft phase) (18%-20%), while Lyons sandstone has a 
much lower porosity (4%-5%). Lyons sandstone has high uniaxial compressive strength (UCS) 
and is well-sorted (UCS ~ 180-190 MPa and Young’s Modulus ~ 45-60 GPa as stated by 
Thompson  in 1949 and Shirole et al. in 2017a, whereas Gosford sandstone is a poorly cemented 
immature quartz sandstone, with a much lower UCS (40 MPa) and Young’s Modulus (15 GPa) 
(Sufian and Russell, 2013; Zhao et al., 2014). Poor-cementation and the presence of increased 
pore-space in Gosford sandstone may be the primary reason for the higher non-linear response 
(θ) of the Gosford sandstone as compared to the lower values of θ in Lyons sandstone. The high 
compressive strength of LS implies that its grain-cement interactions are less susceptible to 
shear-slip (softening), while the poor-cementation quality (as evidenced by the low UCS) in 
Gosford sandstone amplifies the shear-slip at the grain-cement contacts increasing its elasto-
dynamic non-linearity (Figure 3-4). The elastic non-linearity of intact granodiorite can be 
associated with internal grain-scale heterogeneity originating at the grain-contacts which are 
subjected to ‘clapping action’. The modulus of the hard phases present in granodiorite 
(plagioclase and quartz) is approximately 88-94 GPa and that of the soft phase (biotite-mica) is 
approximately 34 GPa (Lan et al., 2010). The significant presence of the softer phase (biotite-
mica) might have increased the impedance mismatch at the grain-contacts between the 
acoustically different minerals present in the granodiorite and therefore the ‘clapping action’ at 
the grain contacts. The dislocations contained within individual crystals (both soft and hard) can 
also be the reasons for the non-trivial non-linear elastic behavior of granodiorite. Although, it is 
difficult to compare the difference in the non-linearity of the crystalline granodiorite and the 
consolidated sandstones, overall the observations of intact material dynamic non-linearity 
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produced by the SSM technique are satisfactory, as they are consistent with the findings of other 
studies which employed DAET for classification of elasto-dynamic non-linear behavior of 
disparate rocks (Renaud et al., 2009, 2011, 2012, 2013; Riviere et al., 2015). The quantification 
of non-linearity in intact specimens through the SSM indicator θ also facilitated the interpretation 
of the effect of inherent microstructure of the rocks on its dynamic behavior.  
 
Figure 3-4 Characterization of the different rocks and the aluminum through their non-linear 
signature by the application of SSM technique, where increasing output voltage implies 
increasing input excitation. Al denotes aluminum, LS denotes Lyons sandstone, G denotes 
granodiorite and GS denotes Gosford sandstone. 
3.5.2 Specimens under uniaxial compression 
As explained in Section 3.4.2, before proceeding with ultrasonic testing, the rock 
specimens were damaged in a quasi-static manner under monotonic loading. Figure 3-5 shows 
the quasi-static loading curve of all the rock specimens, which is typical of the curve produced 
when the ultrasonic measurements were carried out on the specimen. The curves of axial strain 
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(AS), radial strain (RS), crack volumetric strain (CS) and tangent modulus (TM) have been 
plotted against the percent failure strength (stress as a percentage of the UCS). The mechanistic 
behavior of the rock specimens, as they experience damage under loading, can be understood 
through theses curves. Figure 3-5 shows that the rock specimens undergo a compaction stage, up 
to about 15% of UCS, 20% of UCS and 30% of UCS for the LS, G, and GS respectively. The 
compaction stage seen can be explained as the pore-collapse and hardening of the rock 
specimens to varying degrees.  
This stage is followed by a period of linear behavior where the instantaneous modulus of 
the rocks remains fairly constant. Even though the overall material behavior is linear-elastic in 
this stage, intergranular microcracks nucleate in this stage, starting at the crack initiation stress 
(CI) (Ghazvinian, 2015). Subsequent axial softening of the material behavior marks the onset of 
macroscopic non-linearity in the material originated through the coalescence of microcracks. 
This is termed as the crack damage (CD), and it is the stress threshold at which the microcracks 
in the rock begin to coalesce, ultimately leading to the formation of a discrete failure plane at the 
peak strength (Hoek and Martin, 2014). CI and CD were calculated based on the conventional 
approach in which CI is the stress corresponding to the point of inflection in the crack volumetric 
strain curve, while CD corresponds to the onset of relaxation in the Young’s Modulus of the rock 
as calculated through the tangent modulus curve. For LS and GS, the CD threshold was 
calculated at the stress where softening in the instantaneous tangent modulus of the rocks was 
observed (see Figure 3-5a,c) (Eberhardt, 1998; Ghazvinian, 2010). The CD for granodiorite was 
calculated based on the local non-linearity in the axial strain-percent failure curve (inset of 





Figure 3-5 Stress-strain behavior under monotonic loading where, AS denotes axial strain, RS 
denotes radial strain, CS denotes crack strain and TM denotes tangent modulus. Plot also shows 
the CI and CD thresholds identified through the crack volumetric strain and instantaneous 
tangent modulus curves respectively (Ghazvinian, 2015). The plots are for: Lyons sandstone 
(LS-1); (b) Granodiorite (G-1); and (c) Gosford sandstone (GS-1). The inset in Figure 3-5b is a 
magnification of the axial strain-percent failure plot and shows onset of non-linearity in G-1 due 
to localized deformation.  
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Table 3-1 CI and CD thresholds of the monotonically loaded rock specimens estimated through 
the conventional approach. 
Rock Type CI (% of the UCS) CD (% of the UCS) UCS (MPa) 
Lyons sandstone (LS-1) 20-23 72-76 181 
Granodiorite (G-1) 20-22 78-83 174 
Gosford Sandstone (GS-1) 38-45 73-76 40 
After the conventional testing of the rocks, the NLUT-SSM testing on three specimens 
(2, 3, and 4) of each rock type was conducted. The stages of damage progression in the three 
rock types as explained through the conventional stress-strain behavior in the three 
monotonically loaded rock specimens served as a benchmark for understanding the failure 
progression and assisted in interpretation of the NLUT-SSM observations. For analysis of the 
damage progression using SSM technique, the ultrasonic measurements were performed in the 
constant-strain time interval between one loading step and the following. Figure 3-6 depicts the 
variation of the SSM non-linear indicator (θ) versus output amplitude at different stages of 
loading for the three specimens (2, 3 and 4) of each rock type (because LS specimens have the 
lowest θ values among the three rocks (Figure 3-4), a different scale has been chosen in case of 
LS for clearly showing the variation in θ with output voltage at different stages of loading). The 
percentage loading shown in Figure 3-6 (LS-2) varies by approximately ±2.5% relative to the 
values shown. Although the curves shown in Figure 3-6 vary depending on the type of rock, it is 
fair to say that for all the specimens the non-linear indicator (θ) versus output amplitude shows a 
specific non-monotonic trend depending on the damage. Initially, the non-linear signal content 
shows a decrease in comparison to the non-linear content at the intact state (blue and red curves 
have a lower magnitude of θ in comparison to the black curve). For Lyons sandstone (LS) and 
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granodiorite (G), the reduction in non-linearity is observed for up to about 10%-20% of the 
damage, while for Gosford sandstone (GS) it happens up to a damage of 30%-40% of the UCS. 
With further increase in the load (30%-65% of the UCS), θ progressively reverts back to the 
same value as that of the intact (undeformed) specimen (compare dark-brown, green and pink 
lines), and eventually surpasses it. With more damage (65%-90% of UCS), the change in non-
linear θ is more conspicuous and can be easily distinguished from the curves at lower damage 
levels (pink, yellow and dark-blue curves). The final ultrasonic measurement for specimens G-4 
and GS-4 was conducted at 80% of damage, and because of this, the non-linear curves at 90% of 
damage are missing from their data. 
Damage (i.e. the presence of microcracks) is directly related to the increase in the non-
linear content of the propagating ultrasonic waves with increasing load. The interpretation of the 
non-linear ultrasonic measurements and damage progression can be enhanced by monitoring the 
evolution of non-linear indicator θ with damage. For this, Figure 3-7 shows the variation in non-
linear indicator θ versus load level, where θ corresponds to the maximum output level of the 
transmitted signals. Figure 3-7 shows that the changes in non-linear indicator θ with damage 
follows a specific trend, which particularly can be categorized into three stages, in accordance 
with the observations of Bruno et al. in 2009 and Antonaci et al. in 2010a,b who saw similar 
trend on mortar and concrete specimens respectively. Initially in stage I, which corresponds to 
low load levels (0-15%), a decrease in the non-linear signal content is observed. This is 
consistent with the increase in the slope of the stress-strain curve due to material hardening 
(Figure 3-5). Studies have shown that during initial stages of compressive loading, a compaction 
phase is observed in rocks (Bieniawski, 1967a,b; Bogusz and Bukowska, 2015). Stage I is 
consistent with the rearrangement of the internal structure, with micro-defects closing and pores 
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collapsing, causing an increase in the stiffness of the specimen. The sealing of pre-existing pores 
and microcracks, without the formation of any new microcracks, is central to the reduction in the 
non-linearity of the specimens as shown by Figure 3-7. Lyons sandstone, because of its low 
porosity and strong cementation, doesn’t show a particularly pronounced stage I (Figure 3-5a and 
Figure 3-7), whereas this stage can be easily identified in the Gosford sandstone data, because it 
can be categorized as a loose and porous rock (Brace, 1964; Wawersik and Fairhurst, 1970; 
Sufian and Russell, 2013). Granodiorite also shows a substantial decrease in non-linearity during 
stage I, which may be attributed to the reduced non-linear dissipation at stiffened grain contacts 
at low levels of compressive loads. With a further increase in load, as observed in the crack 
strain plot (Figure 3-5), no new microcracks are formed between 10%-20% of load for Lyons 
sandstone and Granite, and, 10%-35% of the loading for Gosford sandstone. This is indicative of 
the perfectly linear-elastic behavior of the rocks and is consistent with the fairly constant non-
linear indicator in the same stress regime. At approximately 20% of the loading in case of LS and 
G and 40% of the loading for GS, the non-linear indicator θ increases abruptly and distinctly to 
approximately the same level as that of the intact specimen (onset of Stage II). This distinct 
observation of the rise in non-linear content is consistent with the CI threshold estimated using 
the crack strain curve (Table 3-1). As the loading increases beyond the CI threshold, the SSM 
non-linearity continues to rise gradually except for G-3. Although, the axial-strain versus percent 
loading curve is linear in this region, the non-linearity in the radial strain curve (formation of 
isolated vertical cracks and reduction in radial stiffness) can explain the slight increase in non-
linearity observed in stage II. This observation of increment of θ during stage II differs from the 
results of Bruno et al. (2009), where constant θ values were observed during stage II. The onset 
of stage III is associated with an abrupt increase in the rate at which non-linear θ rises, which 
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occurs approximately at 70%-80% of the UCS for all the rocks studied. This amplified increase 
in the non-linearity is consistent with the formation of trans-granular cracks and microcrack 
coalescence at the CD threshold as determined by the conventional approach (Table 3-1). The 
formation of these cracks makes the macro-scale behavior of the specimens non-linear which is 
very distinctly reflected in the non-linear θ indicator. The distinct signatures of the changes in θ 
as damage progresses in the rock specimens is a testament of the fact that the NLUT-SSM 
technique is sensitive towards the detection of damage and failure progression in rocks; perhaps 
most important from a practical standpoint is the ability of NLUT-SSM to sensitively record low 
levels of damage (close to CI).  
For comparison of the sensitivity of the NLUT-SSSM against the linear ultrasonic testing 
methods, amplitude, which is a linear attribute of the ultrasonic waves was monitored at various 
levels of damage. To this purpose, changes in the amplitude of the non-linear signals (vnon-lin (t)) 
obtained at the excitation voltage of 400 V were examined. Figure 3-8 shows the changes in the 
amplitude with increasing levels of damage for rock specimens LS-4, G-3 and GS-3. The 
changes in amplitude are very gradual and subtle for LS and G, while for GS the amplitude is 
decreasing from the beginning of the loading. From the Figure 3-8 it is conspicuous that the LUT 
attribute (amplitude) is incapable of sensitively capturing the signature of crack initiation (CI) for 
the rocks, as no significant change in amplitude could be observed in the initial stages of loading 
(0-40% of the UCS). At advanced level of damage (80%-90% of UCS), an acute drop in the 
amplitude is visible but this drop in amplitude occurs at a stress which is above the CD stress 
threshold for the three rocks (Table 3-1). Also, with the changes in the amplitude it is difficult to 
monitor the signatures of the different stages of the progressive damage in the three rock 
specimens, in contrast to the NLUT-SSM non-linear indicator θ. These observations are 
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consistent with the findings of Antonaci et al. (2010b) who concluded that SSM is more efficient 
than traditional linear ultrasonic techniques. 
 
Figure 3-6 θ with output voltage at different levels of damage progression, where, the different 
color lines represent certain level of damage in the specimens (see LS-2). LS, G and GS stand in 
for Lyons sandstone, granodiorite and Gosford sandstone respectively, where 2, 3 and 4 are the 
specimen IDs. As LS specimens have the lowest θ values among the three rocks (Figure 3-4), a 
different scale has been chosen in case of LS for clearly showing the variation in θ with output 




Figure 3-7 Variation of the non-linear indicator θ with loading for the rock specimens: GS-2, 3, 
4; G-2, 3, 4 and LS-2, 3, 4. The non-linear indicator θ first decreases (Stage I), then rises at a 
gentle rate (Stage II), and with further loading increases drastically (Stage III).   
Section 3.5.1 showed that in the intact state, the Gosford sandstone specimens behaved in 
the most non-linear manner while the Lyons sandstone behaved in the least non-linear manner. 
In this section, the non-linear nature of these rocks has been compared as they are damaged 
under uniaxial compression. For the comparison of the non-linear behavior of the three rocks, a 
fixed output amplitude of 0.1 V was chosen for quantifying θ at each damage level. The 0.1 V 
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was chosen as it was approximately equal to the maximum output voltage for the Gosford 
sandstone specimens (Figure 3-5). The non-linear indicator θ at the output voltage of 0.1 V for 
each damage level and for each rock type was calculated by using a cubic polynomial curve fit 
on the non-linear indicator θ versus output-voltage curves shown in Figure 3-5. This technique is 
similar to the procedure followed by Bruno et al. in 2009. Subsequently, Figure 3-9 is a scatter 
plot of the collected non-linear indicator θ values at increasing levels of damage for all three 
specimens of each rock type at a constant output level of 0.1 V. Through Figure 3-9, it is 
reasonable to say that the absolute θ values of LS, G, and GS specimens groups into three 
clusters respectively. The first cluster is that of the red-diamond markers with the lowest θ 
values, representing the test results of LS, the second cluster is that of G with black-circular 
markers with increased θ magnitude while the rest of the markers (blue-triangles) form the third 
cluster with the θ values representing GS.  
 
Figure 3-8 The changes in the linear attribute of the ultrasonic waves (amplitude) with loading 





Figure 3-9 The scatter plot of the non-linear θ values with damage of all the NLUT-SSM tests 
conducted on each type of the rock at a constant output amplitude of 0.1 V. The red-diamond 
markers, the black-circular markers, and the blue-triangular markers represent the SSM test 
results for all the specimens of Lyons sandstone (LS), granodiorite (G) and Gosford sandstone 
(GS) respectively. The red-solid line, black-solid line, and the dark-blue line highlights the best-
fit for the non-linear θ values with damage for LS, G and GS. 
In addition, the best-fit polynomial curves for the non-linear θ values have also been 
depicted in Figure 3-9, with the solid-red, solid-black and solid-blue lines representing LS, G, 
and GS respectively. These trends, which show maximum non-linear behavior of GS and 
minimum of LS with G’s behavior in-between of them, are consistent with the discussion of 
Section 3.5.1, implying that the characteristic non-linear behavior of the three rock types did not 
change significantly during the progressive damage process. The data fit curves also show that at 
the particular output amplitude, GS shows the maximum sensitivity for a change in non-linearity 
with increasing levels of damage. The susceptibility of LS towards changes in its non-linearity 
with damage is minimum while G’s behavior falls in between of LS and GS. It follows the fact 
that since the inherent non-linearity of LS and G is fairly low in comparison to GS at the given 
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excitation (Figure 3-4), more energy is required to excite the damage (i.e. microcracks) related 
non-linearities in the LS and G specimens. This observation is consistent with the hypothesis that 
non-linear contributions related to damage begin to appear only when the amount of energy 
transferred to the material reaches a certain threshold as per Equation 3-13 (Scalerandi et al., 
2008; Frau et al., 2015). Accordingly, it is expected that the sensitivity of G’s and LS’s damage-
related non-linear signatures will increase if the excitation energy is increased. This has already 
been corroborated earlier in this Section, where the changes in non-linear θ values with damage 
have been found at the maximum output amplitudes.  
3.6 Conclusions 
The potential of the scaling subtraction method (SSM), which is a non-destructive non-
linear ultrasonic measurement technique, for damage detection in rocks has been assessed in this 
chapter. For this, three different specimens each of three different rock types (Lyons sandstone, 
granodiorite and Gosford sandstone) were acoustically insonified under different amplitudes, in 
both intact and damaged states. In their intact state, the SSM approach was able to characterize 
the inherent non-linearity associated with the three rock types. It was also capable of 
differentiating the weakly non-linear response of an aluminum specimen in comparison to the 
highly non-classical non-linear response of the three rocks. The intact GS showed stronger non-
linear response in comparison to the LS and G. This difference was attributed to the variance in 
the microstructures of these rocks, which greatly influences the mechanisms responsible for the 
elasto-dynamic non-linear behavior. The benefit from this is that the quantification of non-
linearity in intact specimens through the SSM indicator θ can aid in an indirect non-destructive 
interpretation of the inherent microstructure of the rocks or other materials.  
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The NLUT-SSM approach is effective in detecting the presence of localized damage in 
composite materials (Porcu et al., 2017). The examination of the non-linear response of the rock 
specimens subjected to quasi-static loading helped in experimental validation of the sensitivity of 
the SSM to detect microcracking induced distributed damage in the rocks. The findings revealed 
that the non-linear SSM technique is sensitive in capturing signatures of the different stages of 
damage evolution in the rocks. The results are fairly consistent with other studies which were 
carried out on concrete (Scalerandi et al., 2008; Bruno et al., 2009; Antonaci et al., 2010a). A key 
attribute of the SSM θ indicator was found to be its sensitivity to record signatures of early 
damage manifestations. In particular, the θ indicator showed appreciable change at the stress 
level where microcracks started to develop (CI) in the rock specimens. The non-linear indicator θ 
was also very sensitive in detecting the formation of trans-granular cracks in the specimen (CD). 
When comparing the non-linear response under stress-induced damage for the three rocks at a 
particular output amplitude, it was found that GS is the most sensitive towards damage, while LS 
is the least sensitive. This is consistent with the inherent non-linear behavior of the two rocks 
under undamaged conditions. Finally, the method has proven to be very efficient in 
differentiating the three rocks, both in their intact state and damaged state.  
3.7 Acknowledgements 
The authors would like to thank Prof. P. Antonaci from the University of Torino, Italy for 
providing constant assistance and advice required for the implementation and development of the 
SSM approach at the Colorado School of Mines. The authors also are thankful to Prof. Mike 
Mooney, Colorado School of Mines for his support towards the development of the SSM set-up. 
Additional financial support provided by the Colorado School of Mines is highly appreciated.  
100 
 
CHAPTER 4  
EXPERIMENTAL RELATIONSHIP BETWEEN COMPRESSIONAL WAVE 
ATTENUATION AND SURFACE STRAINS IN BRITTLE ROCK 
This chapter has been published in the Journal of Geophysical Research: Solid Earth (Shirole et 
al., 2019a). It is reprinted by permission from American Geophysical Union (AGU) and Wiley with 
minor format variations. Partial contents of this chapter have also been presented at the 
International Congress on Rock Mechanics and Rock Engineering, September 13-18, 2019, Foz 
do Iguassu, Brazil (Shirole et al., 2019b). © 2020 ISRM. All rights reserved. Published by 
Taylor & Francis Group plc.  
Deepanshu Shirole, Ahmadreza Hedayat, and Gabriel Walton 
4.1 Abstract 
Linear ultrasonic testing (LUT) has been extensively used as a tool for the evaluation of 
damage processes in various materials ranging from synthetic metals to natural geomaterials, 
such as rocks. A key limitation of LUT-based damage studies to date is the lack of explicit 
evidence used in associating material damage with the changes in measured LUT attributes (e.g. 
ultrasonic wave amplitude and velocity). In this chapter, the evolution of the full-field strains in 
brittle rock specimens (Lyons sandstone) subjected to failure are analyzed in real-time and linked 
with the changes in the ultrasonic wave amplitude in localized areas illuminated by ultrasonic 
beams, termed as the Ultrasonic Imaging Areas (UIAs). The non-contact optical full-field 
displacement measurement method of 2D-DIC (2-Dimensional Digital Image Correlation) is 
implemented in combination with the LUT procedure to continuously track changes in the 
ultrasonic wave amplitude with the evolution of strains across the surface of the uniaxially 
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loaded intact rock specimens. The ultrasonic amplitude showed near-linear correlation with the 
intensity of inelastic tensile strain recorded in the rock specimens. The results from the study 
corroborate that the ultrasonic changes are in-fact influenced by the regions of tensile cracking, 
which is the primary inelastic deformation mechanism in brittle rocks. 
4.2 Introduction 
Linear ultrasonic testing (LUT) is one of the most widely used non-destructive methods 
for characterization of rock damage processes (Achenbach, 1990; Aydin, 2013). However, LUT-
based damage assessments are only valid for implicit qualitative conclusions, as it is difficult to 
explicitly measure the strain-related damage distribution in real-time throughout rock specimens 
under load (Philippidis and Aggelis, 2005; Aggelis and Shiotani, 2007; Peng et al., 2017; Liu et 
al., 2018). In order to better understand the capability of the ultrasonic waves to detect damage in 
geomaterials, it is of interest to explicitly correlate the changes in LUT attributes with the 
indicators of rock structural integrity (e.g. microcracks, regions of strain concentration) (Harnett 
et al., 2018; Yang et al., 2018). With this goal in mind, the evolution of full-field strains from 
uniaxially loaded prismatic intact rock specimens has been recorded in real-time using the 2D-
Digital Image Correlation (2D-DIC) technique, and concurrently, the changes in ultrasonic wave 
amplitude have been recorded in this chapter. The prismatic shape of specimens has been chosen 
to ensure a planar surface necessary for accurate in-plane 2D-DIC measurements (Ferrero et al., 
2008; Sutton et al., 2009). 
Extensive work has been performed using LUT as a tool for diagnosing the state of 
damage in various applications (Jones, 1952; Suaris and Fernando, 1987; Pyrak-Nolte, 1988; 
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Sayers et al., 1990; Scott et al., 1993; Cai and Zhao, 2000; Hildyard et al., 2005; Zhao et al., 
2006; Acosta-Colon et al., 2009; Huang et al., 2014; Hedayat et al., 2014a; Ghazvinian, 2015; 
Modiriasari et al., 2017; Gheibi and Hedayat, 2018; Hedayat et al., 2018; Yang et al., 2018). 
Significant efforts have been made to analytically model the effects of cracks and fractures on 
the ultrasonic wave propagation (Waterman and Truell, 1961; O’Connell and Budianski, 1974; 
Piau, 1979; Crampin et al., 1980; Hudson, 1981; Pyrak-Nolte et al., 1990a,; Gross and Zhang, 
1992; Yang and Turner, 2003; Chaix et al., 2006; Blum et al., 2011; De Basabe et al., 2016). 
These analytical models can be broadly categorized as the displacement discontinuity model 
(DDM) (Mindlin, 1960; Schoenberg, 1980; Pyrak-Nolte, 1988) and the equivalent medium 
model (EMM) (Waterman and Truell, 1961; Crampin, 1981; Hudson, 1981) based on the 
fracture size and spacing in relation to the ultrasonic wavelength (Perino et al., 2010). These 
analytical models facilitate the fundamental understanding of the effect of cracks/fractures on the 
characteristics of wave propagation. Numerical methods provide an alternative approach to 
simulate the problems involving wave propagation through damaged media. Continuum and 
discontinuum based numerical models have been used for simulating wave behavior in fractured 
medium in several studies (Kelner, 1999; Hildyard, 2007; Parastatidis et al., 2017; Yu et al., 
2017). The advantage of numerical methods lies in the fact that they can handle complicated 
problems and can give highly accurate results; however, the reliability of numerical simulations 
is highly dependent on the numerical representation of the damaged medium (e.g. the 
constitutive laws and the boundary conditions, material behavior, etc.) (Su et al., 2008; Yang et 
al., 2018).   
Experiments can serve as a fundamental and reliable approach for studying the 
phenomenon of wave propagation through a damaged rock medium (Yang et al., 2018). In order 
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to experimentally verify the wave propagation behavior in a damaged medium, it is crucial to 
define the relevant scale of damage, because the mechanism of wave interaction with damage is 
dependent on the wavelength (ʎ) of the probing ultrasonic wave as compared with the scale of 
damage (Yin et al., 1995; Garnier et al., 2003). Damage in rocks (where D is the size of the 
damage features) can be macroscopic (D>>ʎ) or microscopic (D<<ʎ) depending on the scale of 
damage with respect to the wavelength of the probing ultrasonic wave (Yin et al., 1995). Wave 
transmission across macroscopic damage features (fractures) in rocks has been extensively 
studied. Examples of contributions include Pyrak-Nolte et al. (1990a,b), Zhao et al. (2006), 
Kurtulus et al. (2012), Huang et al. (2014), and Yang et al. (2018). These studies showed that 
waves propagating parallel to the normal of the fractures are attenuated, as the fractures act as a 
low-pass filter with significant reflection and refraction taking place at the fracture surface. 
These aforementioned studies provide a foundation for predicting wave propagation behavior, 
however, in all these studies the damage was macroscopic and artificially induced, and the 
material medium immediately adjacent to the fracture was assumed to be homogeneous (Pyrak-
Nolte, 1996; Pyrak-Nolte and Kowalsky, 1997). This is in contrast to the fact that when a brittle 
rock is progressively loaded to failure, damage accumulates randomly in a spatially 
heterogeneous and diffuse manner with the macroscopic fracture plane (large relative to the 
probing ultrasonic wavelength (ʎ)) not developing until after the failure stress is reached, as 
proven by studies on the micromechanics of brittle failure in rocks (Brace, 1963; Lockner et al., 
1991; Menendez et al., 1996; Diederichs, 2003). Therefore, “damage” in the context of present 
chapter, refers to the nucleation of sub-wavelength (D<<ʎ) microcracks which are diffuse and 
heterogeneously distributed within the rock volume, such that the ultrasonic transmission is 
primarily affected by the dispersion (scattering) of the waves around the distributed microcracks 
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(Tapponnier and Brace, 1976; Gao et al., 2001; Zuo et al., 2005; Diederichs and Martin, 2010; 
Treiber et al., 2010; Zhu and Shao, 2017).  
As discussed in Chapter 2, several experimental studies have been conducted over the 
years utilizing linear ultrasonic attributes (velocity and attenuation) as a tool for implicit 
characterization of microcrack evolution in laboratory-scale rock specimens (Walsh, 1966; Nur 
and Simmons, 1969; Nur, 1971; Gupta, 1973; Rao and Ramana, 1974; Lockner et al., 1977; 
Sayers et al., 1990; Scott et al., 1993; Wulff et al., 1999; Couvreur et al., 2001; Pellet et al., 
2007; Ghazvinian, 2015; Modiriasari et al., 2017; Shirole et al., 2017a; Barnhoorn et al., 2018; 
Harnett et al., 2018). Based on these studies, it can be concluded that wave attenuation 
(amplitude) is a potential indicator of the extent of damage in rocks with attenuation increasing 
as damage proliferates in a rock volume. Walsh (1966), Kuster and Toksoz (1974), Hudson 
(1981), Sayers et al. (1990), Wulff et al. (1999) and Harnett et al. (2018) focused on 
characterizing the damage (stress-induced microcracking) in rock specimens through the use of 
crack density, which was evaluated by the use of analytical models that relate velocity changes to 
density of cracks in the volume of the rock. Wulff et al. (1999) identified a near-linear 
correlation between amplitude attenuation and the crack density in the specimens. A key feature 
missing from these aforementioned studies is the lack of explicit evidence while associating 
material damage with the transmission of the ultrasonic waves. The major challenge in 
understanding the transmission of ultrasonic waves in progressively damaged intact rock 
specimens is the heterogeneous (diffuse) distribution of damage that develops under load 
because of the grain-scale heterogeneity of rocks (Ferrero et al., 2008; Tang and Hudson, 2010; 
Dautriat et al., 2011). Philippidis and Aggelis (2005), Chaix et al. (2006), and, Aggelis and 
Shiotani (2007) all studied ultrasonic wave attenuation in highly heterogeneous cementitious 
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materials containing randomly distributed inclusions for D<<ʎ, and found strong attenuation and 
distortion of the waves due to the presence of the inclusions which acted as the scattering source. 
However, the relationship between stress-induced strain heterogeneity (the primary cause of 
microcracking in rocks) and ultrasonic wave transmission is an area which has yet to be 
explicitly studied. Considering the increasing number of studies utilizing the ultrasonic 
techniques for the assessment of material damage (both in research, and, in practical 
applications), it is imperative to improve our understanding of the impacts of distributed damage 
on wave attenuation. Therefore, there is a need to develop experimental approaches to study the 
influence of stress-induced damage on the wave propagation behavior in rock specimens. This is 
challenging, as laboratory tests require the rock specimens to be destroyed, and also because it is 
difficult to measure strain distributions in real-time throughout rock specimens under load (Peng 
et al., 2017). To overcome these challenges, Digital Image Correlation (2D-DIC) can be 
implemented, as it can provide displacement and strain-fields across a stressed rock specimen 
surface in small time increments and without contacting the specimen (Sutton et al., 2009; Song 
et al., 2013; Bourcier et al., 2013).   
In this chapter, the 2D-DIC technique has been employed in combination with ultrasonic 
monitoring to continuously track changes in ultrasonic wave attenuation (amplitude) along with 
the development of strains across the surface of the intact specimens of Lyons sandstone (LS) 
that are stressed under uniaxial loading conditions. In particular, the changes in the strains along 
the localized areas where the ultrasonic imaging is conducted have been studied. This chapter 
provides experimental validation of the primary material deformation mechanisms that have the 
most significant effect on the ultrasonic signal changes. 
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4.3 2D-Digital Image Correlation (2D-DIC) 
2D-DIC is one of the most prevalent full-field non-destructive non-contact optical 
methods for the measurement of in-plane displacement and strain-fields (Sutton et al., 2009; 
Dautriat et al., 2011; Hedayat et al., 2014b). 2D-DIC provides full-field displacements and 
strains by comparing the digital images of the specimen surface in the un-deformed (or 
reference) and deformed states. 2D-DIC has several advantages including simple experimental 
set-up and specimen preparation (requiring only one fixed camera perpendicular to the object 
surface), the ability to work in ambient light with no special illumination, and ability to 
accurately measure displacement and strain-fields (Hedayat and Walton, 2017). 
4.3.1 Displacement-field measurement 
In 2D-DIC analysis, a stochastic pattern of gray-scale values is typically required to be 
applied to the region of material where deformation is to be quantified (Schwartz et al., 2013). 
The stochastic nature of the gray-scale values facilitates variation of gray-scale values over all 
the pixels of an image, which enables improved image correlation. In routine implementation of 
the 2D-DIC method, the reference image is specified at first, which is further divided into small 
square groups of pixels called subsets, and the distance between each subset is specified – this 
leads to the formation of a virtual subset field (grid) on the reference image (Schwartz et al., 
2013). The reason why a square subset is selected for matching, rather than an individual pixel, 
is that the subset containing a wider variation in gray-scale levels will distinguish itself from 
other subsets, and can, therefore, be more uniquely identified in the deformed image (Sutton et 
al., 2009; Pan et al., 2009a; Hedayat et al., 2014a). The basic principle of the DIC method is to 
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locate the subsets in the deformed images representing local areas of the specimen, initially 
defined in the reference image, with the assumption that the grey-scale values in the subsets are 
preserved during the transformation associated with the deformation (Bourcier et al., 2013). The 
degree of similarity between the reference subset and the deformed subset is evaluated using a 
statistical correlation criterion concerning the displacement characterizing the transformation (for 
more details the reader is encouraged to read Sutton et al., 2009). The peak position in the 
distribution of the correlation coefficient defines the position of the deformed subset with respect 
to the reference subset, which assists in the estimation of the displacement (transformation) 
between the reference subset and the deformed subset (Hedayat et al., 2014b). The displacement 
computed from the correlation procedure is then assigned to the center of the subset (grid). The 
same procedure is automated and repeated for other virtual subsets (grids) present over the 
specimen surface on the reference and deformed images for the computation of the full-field 
displacements across the surface of the material at the selected grid points. 
4.3.2 Strain-field measurement 
Detailed investigation of the mechanical behavior of materials requires strain 
measurements at multiple points, and for this reason, it is of value to obtain strain maps covering 
the entire specimen surface. However, the mathematical numerical differentiation process for 
computation of strains from a raw displacement field is considered an inconsistent operation 
(Luo et al., 2005), as direct differentiation of the estimated (noisy) displacements, can amplify 
the noise contained in the computed displacements, making the resultant strains unreliable (for 
details refer to Pan et al., 2009a). To overcome this issue, the normal procedure in the calculation 
of the strains is to smooth the computed displacement field first, and then subsequently 
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differentiate it to calculate the strain-fields. This has led to the development of several smoothing 
techniques, of which the pointwise local least squares fitting technique is most practical because 
of its ease of use, ability to process data obtained at discontinuities (boundary, hole, cracks, etc.), 
and the ability to achieve high precision strain measurements (Wattrisse et al., 2001; Pan et al., 
2009a,b). In the local least squares fitting technique, a local strain calculation window is defined 
around the grid point where the strain has to be estimated, and the displacement distribution in 
the strain calculation window is approximated as a linear plane. The locally linear approximation 
of the displacement distribution in the strain calculation window aids in the removal of noise 
from the displacement data, thus improving accuracy in the calculation of the strain-field (Pan et 
al., 2009a). The calculation of strains from the displacement field is based on the standard 
Lagrangian approach of continuum mechanics, which relates position δ(X) of some material 
particle (P in Figure 4- 1) in a reference or initial configuration at time t=0 to its position δ’(X’) 
in the current or deformed configuration at any time t (Dual and Schwarz, 2012; Bourcier et al., 
2013). The Lagrangian strain tensor E*, which facilitates strain measurement when strains are not 
infinitesimal during the deformation process (Wriggers, 2016), is computed from the 
displacement gradient ∇u per Equations 4-1 and 4-2: 
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The strains along x and y directions are computed from the Equation 4-3 (Chu et al., 
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Based on the results obtained from Equation 4-3, the major and minor principal strains 
(ε11 and ε22, respectively) can be calculated. 
 
Figure 4-1 A solid body moving from its reference configuration δ(X) to the current 
configuration δ’(X’) from time t=0 to any time t. The position of the material point P with 




4.4 Experimental Design 
4.4.1 Material 
Three uniaxial compression experiments were conducted on prismatic specimens of intact 
Lyons sandstone (LS), and 2D-DIC and LUT procedures were synchronously implemented on 
each of the specimens for the non-destructive evaluation of damage evolution at increasing levels 
of stress. For the purpose of presentation of the experimental results, the tested samples are 
labelled as LSP-1, LSP-2, and LSP-3, where LSP stands for “Lyons Sandstone Prismatic.  
Prismatic specimens of LS 150 mm long (longitudinal axis), 75 mm wide (transverse 
axis) and 25 mm thick were prepared from a block of the Lyons sandstone quarried from Lyons, 
Colorado, USA (Figure 4-2). The prismatic shape of specimens facilitated a planar surface which 
is necessary for accurate in-plane 2D-DIC measurements, and it also ensured that the surface 
strains are representative of the broader specimen deformation (Ferrero et al., 2008; Sutton et al., 
2009). The prismatic shape, with a thin section (25 mm), will induce a plane stress condition to 
develop in the rock specimens. Plane stress may contribute in increasing the magnitude of the 
stress corresponding to the CI and CD thresholds, when compared with the plane strain 
magnitude of CI and CD thresholds in thicker specimens. This is because the plane strain critical 
stress intensity factor (KIC) for an individual crack is a minimum value, which increases the 
possibility of failure in the material (Mouritz, 2012). However, the difference in the plane stress 
and plane strain damage threshold estimates has previously been found to be small (~5-10%) 
(Walsh, 1965). The longitudinal axis of the test specimens was normal to the weakly developed 
bedding plane of the sample block; Lyons sandstone shows a low degree of anisotropy, as 
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established in Section 2.3. Porosity analysis using a 24 μm CT scan machine on an entire 
specimen (LSP-1) indicated an average porosity of 4.5%, which is reasonably consistent with the 
porosity value of 7% as reported by Xu et al. (2006a) and Henao (2017), who employed the 
Archimedes method and the Boyle's Law Porosimeter method, respectively, for evaluation of the 
porosity. 
The specimens were loaded under uniaxial conditions in axial displacement feedback at a 
rate of 1 μm/sec by employing a loading set-up as described in Section 2.3.1, and shown in 
Figure 4-2, and Figure 4-3a. The axial strain experienced by the specimens was measured using 
LVDTs.  
4.4.2 2D-Digital image correlation and LUT set-up 
2D-DIC was implemented on each of the Lyons sandstone specimens to generate a full-
field map of strains across the specimen surfaces at increasing stress levels. A stochastic pattern 
of gray-scale values (speckle pattern) on the surface of the rock specimens was produced by 
spray-painting the surface of the specimens, to be imaged, by a multicolor paint from Rust-
Oleum (Sutton et al., 2009; Hedayat, 2013). To ensure a high-quality speckle pattern, the surface 
of the rock specimens was cleaned from any visible contaminant (oil, grit, etc.) prior to painting. 
The paint was applied just prior (2 hours) to the experiment to maintain maximum adherence of 
the paint to the specimen in high strain regions, as recommended by Sutton et al. (2009). The 
uniqueness of the speckle pattern on a specimen surface is fundamental to the accuracy in the 
correlation process and can be the dominant source of background noise (Lin and Labuz, 2013). 
Therefore, two basic features of the prepared speckle pattern were checked to determine its 
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suitability before testing: (1) the distribution of intensity values in the speckle pattern, and (2) the 
speckle size (Sutton et al., 2009). The speckle pattern produced on the surface of LSP-2 prior to 
testing is shown in Figure 4-4a, and the distributions of the gray-scale intensity values for the 
speckle patterns on each of the specimens are shown in Figure 4-4b. In practical applications, an 
optimal speckle pattern for DIC analysis should have a relatively well-distributed histogram of 
the intensity values over the intensity range from 50 to 220 (Sharpe, 2008; Lin and Labuz, 2013). 
Accordingly, the values shown in Figure 4-4b are consistent with the requirement of an optimal 
speckle pattern for accurate measurement of displacements through DIC (Sharpe, 2008; Lin and 
Labuz, 2013). In our experimental set-up, one pixel in the digital image corresponded to 100 μm 
in the physical space. In an optimal speckle pattern, each speckle should be imaged by at least 3 
pixels for proper intensity pattern reconstruction during the image correlation process (Sutton et 
al., 2007, 2009; Hedayat et al., 2014a). The applied speckle size by spray-painting the specimen 
surface ranged from 300-400 μm (Hedayat and Walton, 2017), further ensuring the suitability 
and uniqueness of the produced speckle patterns on the specimen surfaces for an accurate image 
correlation process.  
During uniaxial compressive loading, digital images of the speckled surfaces of the 
specimens were captured in real-time. A Grasshopper (Point Grey) CCD (Charged Coupled 
Device) camera with 2448 by 2048 square pixels in combination with a Fujinon lens of 35 mm 
focal length (Model CF35HA-1) was used. The FlyCapture SDK software was used to control 
the camera and the image acquisition rate, while the zoom, aperture, and focus of the lens were 
manually controlled. The camera and the lens were designed to image the entire speckled surface 
(150×75 mm2) of each specimen. The camera was mounted at a distance of 800 mm (zc) from the 
specimen, with the axis of the camera parallel to the surface normal of the specimen (Figure 4-
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3a). The distance of 800 mm was also chosen to keep the error in the DIC measurements due to 
the out-of-plane deformations (∆z) below the prescribed limit of ∆z/zc~10-4 (Modiriasari et al., 
2017). Before each test, image artifacts such as dust on the lens of the camera and local areas of 
reflection on the object surface were also minimized (Hedayat et al., 2014a). 
 
Figure 4-2 The experimental set-up used for synchronously capturing the geophysical signatures 
of damage using the 2D-DIC and LUT procedures. (1) CCD camera; (2) loading frame; (3) 
Linear Variable Differential Transformer (LVDT); (4) pulse generator; (5) source pulse box; (6) 
receiver pulse box; (7) NI-5142 digitizer scope; and (8) Speckled specimen with the transducer 
assembly, whose close-up view is shown as well, in which, (8a) source transducer, (8b) receiver 
transducer, and, (8c) IRWIN clamps. 
As the full-field strains across the surfaces of the uniaxially loaded prismatic specimens 
were measured in real-time using 2D-DIC, LUT measurements were concurrently made at three 
locations along the height of the specimens. The locations of the three ultrasonic source-receiver 
arrays (UIA-1, UIA-2, and, UIA-3) along the longitudinal axis of the specimen are shown in 
Figure 4-3b, where UIA (Ultrasonic Imaging Area) is the volume of the specimen illuminated by 
an ultrasonic beam. Videoscan longitudinal wave transducers (V-103) from Olympus NDT, Inc. 
were used in the study as the source and receiver of the ultrasonic waves. Further details on the 
LUT set-up are given in Section 2.3. The ultrasonic transducers as used in this study have a 
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diameter of 6 mm and a central frequency of 5 MHz. The characteristics of the ultrasonic waves 
(nominal wavelength, P-wave velocity, and seismic beam diameter) based on the transducer 
properties for the 5 MHz transducers used in the study are shown in Table 4-1. As discussed in 
Section 2.3, the wavelength of the 5 MHz ultrasonic signal was calculated using the transducer 
central frequency (Basu and Aydin, 2006). The nominal wavelength of the ultrasonic wave is 
930 µm (Table 4-1), which is approximately 5 times the grain size (190 µm) of LS. The typical 
beam pattern of the ultrasonic signals produced by the 5 MHz transducers is also shown in 
Figure 4-3c, corresponding to the signal characteristics given in Table 4-1. Figure 4-3c shows 
that spreading (beam spread) of the ultrasonic signals is not significant for the transducers used 
in the present study, and therefore the ultrasonic signals in each of the UIA regions are not 
expected to be influenced by the signals in adjacent UIA regions. 
All the transducers were placed on the two longitudinal sides of the prismatic specimens 
using rubber-padded clamps from IRWIN, which applied a lateral stress of approximately 0.01 
MPa on the transducers (Figure 4-2). This amount of stress assisted in maintaining reliable and 
reproducible contact between the transducer element and the rock surface. Considering the high 
uniaxial compressive strength (UCS) of the specimens (190 MPa), a lateral stress of 0.01 MPa is 
not expected to affect the overall specimen behavior, and therefore it is reasonable to consider 
the overall loading condition applied to the specimens as uniaxial. This is consistent with the 
methodology of Modiriasari et al. (2015; 2017), who applied an identical level of lateral stress on 
the transducers and considered the specimen loading conditions to be uniaxial. To reduce the 
transmission losses due to the impedance mismatch at the rock-transducer contact area oven-
baked honey was used as the coupling medium between the transducer and rock surface (details 
are given in Section 2.3). Before starting any test, the transducer assembly (Figures 4-2, 4-3b) 
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with honey coupling was allowed to equilibrate for 1 h. After the honey coupling, the LS 
specimens were uniaxially loaded, and the full waveforms (100 µs duration) of the transmitted 
ultrasonic signals were continuously acquired at 1 Hz using the LabVIEW-controlled data 
acquisition system in-sync with the 2D-DIC image capture procedure.  
Figure 4-5 shows the transmitted ultrasonic signals at different levels of loading; in 
examining these signals, the effects of damage on the ultrasonic waves can be observed. At low 
levels of loading (e.g. 25% of UCS), there is an increase in the amplitude and reduction in the 
travel time of the ultrasonic signals when compared with the signal under a no stress condition. 
With further increase in the load magnitude (and associated damage formation), the ultrasonic 
signals begin to lose energy (reduction in amplitude), and wave arrival is delayed (compare the 
signal at no stress with signals at 80% and 95% of the UCS). 
4.5 Results and Discussion 
4.5.1 Assessment of the 2D-DIC results 
2D-DIC, as described in Section 4.3, was used to quantify the full-field displacement and 
strains on the specimen surface. The correlation (2D-DIC) procedure is executed on digital 
images where the measurements are in pixel-space, meaning a constant magnification factor (M), 
is commonly applied to transform the pixel-based measurements to their respective physical 
dimensions (Hedayat et al., 2014a). Taking into account the fixed size of the CCD camera array 
(2448×2048 pixels), and the fixed field of view (as the image captures the entire specimen 
surface of 150×75 mm2), a constant magnification factor of M=100 µm/pixel was established 




Figure 4-3 Schematic diagram of the 2D-DIC set-up for in-plane full-field measurement of 
displacements. (a) 2D-DIC set-up viewed perpendicular to the camera axis. (b) Speckled front-
face of the prismatic specimen captured by the camera with the location of the three ultrasonic 
transducers pairs on the specimen; viewed co-axially to the camera axis. (c) Typical beam 
pattern of the 5 MHz longitudinal transducers. The wave characteristics have been calculated per 
the guidelines provided by Yin et al. (1995), Basu and Aydin (2006), and Olympus Ultrasonic 
Transducers Technical Notes (2011). 
The images acquired during the uniaxial compression tests were analyzed using VIC-2D 
DIC software to extract the displacements and strains across the specimen surface. The analysis 
procedure in VIC-2D DIC software requires two inputs: subset size (also known as grid size, as 
discussed in Section 4.3) and step size, as described by Correlated Solutions (2010b). Sutton et 
al. (2007) suggested that a subset should contain at least 3 speckles. Considering 4 pixels per 
speckle width, the minimum size of the subset needs to be at least 12 pixels. To avoid selecting a 
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value that was too small, a subset size of 15 was selected (Sutton et al., 2007). Hedayat et al. 
(2014a) suggested avoiding the use of large subset sizes as it can lead to considerable errors in 
displacement measurements, and that is why the implementation of a larger subset size was 
avoided. Step size (in pixels) defines how far apart the tracking points are placed on the 
specimen surface (Patel and Martin, 2018b), and the step size is typically chosen such that it is 
smaller than half the subset size (Hedayat et al., 2014a). Considering the required computation 
time for the DIC analysis, a step size of 5 pixels was selected. This ensured that the subsets 
overlapped each other and provided oversampling for added accuracy in the measurement of the 
displacement field (Hedayat et al., 2014b). 
 
Figure 4-4 (a) Digital image of the speckle pattern produced on specimen LSP-2 through spray 
painting. (b) The distribution of gray-scale intensity values in the speckle patterns generated on 
the surfaces of the three Lyons sandstone specimens LSP-1, LSP-2, and LSP-3. 
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Table 4-1 Characteristics of the ultrasonic waves propagating through the Lyons sandstone 
specimens. The wave characteristics have been calculated per the guidelines provided by Yin et 
al. (1995), Basu and Aydin (2006), and Olympus Ultrasonic Transducers Technical Notes 
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Figure 4-5 Comparison of the typical longitudinal ultrasonic signals at different magnitudes of 
the failure stress (UCS) for LSP-1. Compare the signal at no stress (purple) with the signal at 
95% of UCS (blue). 
To assess the accuracy of the 2D-DIC measurements, the axial strains acquired by the 
2D-DIC procedure and using LVDTs were compared for each of the uniaxial compression tests 
throughout the loading history. The 2D-DIC full-field axial strains were averaged at each stress 
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level across the whole surface of the specimen for comparison purposes. Figure 4-6 shows the 
percent failure stress (stress as a percentage of UCS) versus axial-strain plots obtained from the 
LVDTs and the 2D-DIC procedure for specimens LSP-1, LSP-2, and LSP-3. To evaluate the 
effect of the subset size on the DIC measurements, an additional specimen (LSP-0) was 
uniaxially loaded with DIC measurements being processed using different subset sizes. From 
Figure 4-6, it can be seen that the DIC measurements were overall consistent with the LVDT 
measurements, confirming the accuracy of the DIC set-up as a whole. Figure 4-6a (LSP-0) shows 
that changes in the subset size (SS-15 to SS-79) do not significantly affect the DIC 
measurements. For further comparison, the slope of the percent failure stress-axial strain plots of 
Figure 4-6 at 50% of failure load for the DIC and LVDT measurements are given in Table 4-2. 
The stress at 50% of the failure stress was chosen for comparing the corresponding slopes of the 
percent failure stress-axial strain plots obtained from the DIC and LVDTs, as it is expected to be 
in the linear portion of the axial stress-axial strain plots (Fairhurst and Hudson, 1999; ASTM 
Standard D3148-02, 2001), and is similar to the procedure followed by Patel and Martin 
(2018a,b). The percentage difference in the slopes calculated by the two measurements increases 
above 10% for LSP-0 for subset sizes of 61 and 79, while it remains below 10% for smaller 
subsets further confirming the suitability of subset size of 15 pixels for the image correlation 
(Table 4-2). The percentage difference in the slopes is below 10% for specimens LSP-1, LSP-2 
and LSP-3 as well. Patel and Martin (2018a,b) considered up to 10% difference in the slopes of 
the axial stress–axial strain plots calculated by the LVDT and DIC as acceptable, and therefore, 




4.5.2 2D-DIC full-field strains under uniaxial loading 
Figure 4-7 shows the strain-field for the specimen LSP-1 at different stress levels 
obtained through the image correlation process. The major principal strain (ε11) results from 
uniaxial compression of the specimen along its longitudinal axis (along specimen long dimension 
in Figure 4-7), while the minor principal strain (ε22) evolves because of the Poisson’s effect, with 
the material expanding in the lateral direction (Figure 4-7). Consequently, the distribution of the 
ε11 strain-field shows dominantly a series of primarily sub-horizontal strain concentrations in 
comparison to the sub-vertical features in the ε22 strain-field. At a low level of stress (25% of 
UCS), the ε11 strain map is fairly homogenous along the specimen surface, while the ε22 strain 
map shows some non-uniformity in the strain distribution (Figure 4-7). The strain localization in 
the ε22 strain-field at such low levels of stress can be attributed to the low crack initiation (CI) 
damage threshold (25%-30% of UCS) of Lyons sandstone, as reported by Shirole et al. (2018b). 
At higher levels of stress (50% and 75% of UCS), both the ε11 and ε22 distributions show a 
distinct increase in strain concentration, which becomes most evident at 90% of UCS. Whereas 
the average specimen axial strain (εyy) is 2200 µε at 90% of UCS for LSP-1, the DIC 
measurements distinctly show areas where the strain is above this magnitude (please compare 
Figures 4-6b and 4-7a). This strain-field heterogeneity is consistent with expected specimen 
behavior based on numerical-based findings of Diederichs (2003). 
As Lyons sandstone is expected to show brittle behavior (because of its high quartz 
content and the ambient temperature and pressure conditions used during testing), the dominant 
failure mechanism is the formation of microcracks due to the extensile strains, with the cracks 
oriented sub-parallel to the major principal stress direction (Wulff et al., 1999; Lan et al., 2010; 
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Walton, 2014; Ghazvinian, 2015; Mighani et al., 2016). The map of the ε22 strain-field, which is 
tensile in nature, shows regions of strain concentrations which are sub-parallel to the loading 
direction, meaning that the microcracks are oriented sub-parallel to the specimen longitudinal 
axis (Figure 4-7b). Considering the fact that cracking associated with local tensile stresses (sub-
vertically oriented) is the primary deformation mechanism for brittle rocks, the distribution of 
strains and its effect on the ultrasonic signatures was studied by analyzing the ε22 tensile  strain-
field in the UIA regions (Diederichs, 1999; Ferrero et al., 2008). Accordingly, the strain 
distribution on the DIC grid-points in the local UIA regions (UIA-1, UIA-2 and UIA-3) at 
different levels of loading for the three Lyons sandstone specimens are shown in Figure 4-8. At 
small loads (see results for 25% of UCS in Figure 4-8), the distribution of strain has a small 
standard deviation (0.5 mε), with most of the DIC grid-points concentrated around 1 mε. With an 
increase in loading (50% of UCS), the spread in the histogram increases (standard deviation in 
strain distribution is approximately 1 mε), indicating magnification of the maximum extensile 
strain magnitude on the DIC grid-points. The spread in the distribution of the histograms 
becomes even more evident at 90% of UCS (standard deviation is approximately 1.5 mε), which 
is consistent with the increased localization and heterogeneity in the strain-field at increasing 
levels of damage (Diederichs, 1999). The spread in the histograms is associated with the increase 
in the number of DIC grid-points with higher magnitudes of tensile strains. The appearance of 
compressive strain in some of the DIC grid-point in the tensile ε22 field can be attributed to the 
heterogeneous nature of strain redistribution at the grain scale (Diederichs, 1999). In order to 
evaluate the intensity of extension in the three UIA regions, an apparent tensile (AT) strain 











   (4-4) 
where ε22,j is the minor principal strain at DIC grid-point j, N is the number of grid-points (2261 
in this study), and ⟨•⟩ are brackets indicating the computation of negative part (tensile 
component) of the argument only. The apparent tensile strain (εTAT) facilitates the computation 
of the tensile strains only, which is the dominant cause of failure in rocks. The superscript T on 
the left-hand-side of Equation 4-4 signifies the total (T) nature of the apparent tensile strain, 
including both the elastic (E) and non-elastic (NE) components of the tensile strain present in the 
material.  
In traditional intact rock testing, the crack initiation stress (CI) is commonly related to the 
development of non-elastic strains in the material, as material at the grain-scale is expected to 
yield beyond the critical tensile strain limit, εc (Bridgman, 1912; Stacey, 1981; Eberhardt, 1998; 
Eberhardt et al., 1998, 1999; Ghazvinian et al., 2011; Ghazvinian, 2015). Consequently, areas 
experiencing microcracking are expected to be characterized by ε22 values above some critical 
threshold at which cracking initiates. With this in mind, and given that local cracks will be most 
significant in controlling LUT parameters, it is important to evaluate the non-elastic (NE) 
component of the apparent tension (εNEAT). For this purpose, the critical tensile strain limit  (εc) 
above which cracking initiates was estimated as shown in Figure 4-9 and described in the 
following paragraph. 
To evaluate the critical value of extensile strain limit (εc), it is important to consider the 
scale of the strain measurements obtained, as rock is a heterogeneous brittle material (Lan et al., 
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2010; Peng et al., 2017). A rock’s microstructural heterogeneity produces a spatially inconsistent 
strain response to the external stress-field, which causes multi-scale (specimen-scale to grain-
scale) fluctuations/localizations in strain redistribution (Blair and Cook, 1998; Bornert et al., 
2010; Dautriat et al., 2011). Global mean-field (GMF) or specimen-scale measurements assume 
that the strains released from a broken mesoscopic unit are shared uniformly by all intact units 
(Xia et al., 2002; Xu et al., 2005). At reduced scales of measurement, localized strain 
fluctuations become much more evident as the strains from a broken unit flow locally only to the 
neighboring units (Xu et al., 2005; Xu et al., 2006b). Consequently, the critical value of extensile 
strain (εc) was evaluated at three scales: (i) specimen-scale; (ii) pixel-scale; and (iii) grain-scale 
(Figure 4-9).  
At the specimen-scale (global), the widely accepted Stacey (1981) strain criterion was 
employed for evaluation of εc (Figure 4-9a). This criterion is based on the expectation that the 
strain (εc) indicating initiation of extensile microcracks would be reflected by a small but visually 
observable change in the slope of the vertical strain (εyy) vs lateral (εxx) strain plot, as the 
extension microcracks initiate in planes parallel to the vertical strain direction (εyy) causing the 
specimen to expand rapidly in lateral (εxx) direction. Figure 4-9a shows the plot of εyy vs εxx 
strain for LSP-2, through which the specimen-scale εc value was estimated to be -2e-4 (positive 
(+) and negative (-) strains represent contraction and extension, respectively). For the estimation 
of εc at the grain-scale, the tensile cracking limit of the clay cement present between the quartz 
grains was calculated as shown in Figure 4-9c (Ross et al., 2010). From this, the grain-scale εc 
value was estimated to be -22e-4. At the pixel-scale (which depends on the strain resolution of 
the DIC measurements and is equivalent to 2500 µm in this case), the appropriate value of εc 
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could be constrained to vary between these two bounds (between specimen-scale and grain-
scale).  
 
Figure 4-6 Comparison of the percent failure stress-axial strain plots obtained from the LVDT 
and the 2D-DIC measurements respectively. The “SS” values in the legend represent subset size, 
ranging from 15 pixels to 79 pixels. The DIC measurements shown at each stress level were 
averaged across the surface of the prismatic specimens. 
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Table 4-2 Comparison of the slopes of the percent failure-axial strain plots obtained from the 
DIC and LVDT measurements at 50% of the failure stress. SS in the table denotes the subset size 
(SS) used in the image correlation procedure. 
Specimen 
ID 
Slope (×104) Percentage Difference (%)  





0.036 (SS-31) 10.0 
0.035 (SS-49) 12.5 
0.035 (SS-61) 12.5 
0.034 (SS-79) 15.0 
LSP-1 0.040 (SS-15) 0.043 7.0 
LSP-2 0.029 (SS-15) 0.029 0 
LSP-3 0.029 (SS-15) 0.028 3.5 
As Acoustic Emissions (AEs) are released by locally non-elastic deformation events 
(microcracking), it has been used as an experimental tool for the characterization of the state of 
microcracking in progressively stressed (uniaxially loaded) rock specimens (Lisjak et al., 2013). 
Experimental studies have shown that although AE activity occurs continuously throughout a test 
(specimens under uniaxial load), the beginning of significant AE activity - which arises because 
of non-elastic deformation - coincides with the CI stress (Eberhardt, 1998). The pixel-scale εc for 
calculation of the non-elastic strain was calculated based on this expectation that it will show a 
significant change at the CI stress threshold, which is similar to the increase in AE (non-elastic 
deformation) at CI stress. For this, the 35th, 10th and 2nd percentile of strain distribution (across 
the specimen surface) as a function of loading was plotted (Figure 4-9b). Ultimately, the 2nd 
percentile of the strain distribution at the crack initiation (CI) threshold was used as the critical 
strain limit at pixel scale (-16e-4). The 2nd percentile of strain-distribution was chosen because its 
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evolution as a function of loading was similar to the evolution of acoustic events (non-elastic 
deformation) in rock specimens put under uniaxial load (Eberhardt, 1998; Ghazvinian, 2015), 
and also because its evolution was consistent with the evolution of extensile cracks in uniaxially 
loaded specimens as shown in numerical studies conducted by Diederichs (1999), Nicksiar 
(2012) and Farahmand and Diederichs (2015). While the value of εc determined is approximate 
in nature, it provides a starting point for the purposes of calculating the strains associated with 
cracked elements (εNEAT). With this is mind, Figure 4-9b shows that at the pixel scale, εc is -16e-
4. After determination of εc, the non-elastic component of the apparent tension (εNEAT) was 









  where, 22, j c   (4-5) 
Figure 4-10 shows the evolution of the total and non-elastic apparent tensile strain values 
with increasing levels of stress for the three UIA locations and each of the specimens. From 
Figure 4-10a, it can be definitively concluded that the changes in εTAT with damage follow a 
specific trend (similar to the evolution of crack density with increasing levels of stress as 
reported in the study of Wulff et al., 1999). Initially, at low levels of stress (0-30% of UCS), a 
decrease in the total apparent tension εTAT is observed in all of the three UIA regions. This 
reduction in the total apparent tension εTAT can be associated with material hardening during the 
initial stages of compressive loading due to the rearrangement of the internal grain-structure of 
the rock, with micro-defects closing and pores collapsing (Nicksiar and Martin, 2012; Bogusz 
and Bukowska, 2015; Shirole et al., 2018b). Between 25%-35% of the UCS, there is an increase 
in the εTAT values, which is consistent with the CI threshold of Lyons sandstone (between 20%-
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30% of UCS) (Shirole et al., 2018b). As the loading increases beyond 35%-40% of UCS, εTAT 
continues to rise gradually. This increase in the total apparent tension (εTAT) can be linked with 
the emergence of regions of tensile strain concentration due to the expansion of the material in 
the lateral direction (Figure 4-7b). With further increase in loading, there is an accelerated 
increase in εTAT at about 70%-80% of the UCS. This prominent increase in εTAT is consistent 
with the formation of trans-granular cracks and microcrack coalescence at the crack damage 
threshold (CD) of Lyons sandstone (Shirole et al., 2018b). Figure 4-10b shows the variation in 
the non-elastic apparent tension (εNEAT) with increasing levels of damage for the three UIA 
locations. The evolution of εNEAT with damage also follows a particular trend similar to the 
profile of εTAT. At low levels of stress (0-35% of UCS), εNEAT remains approximately constant, in 
contrast to the reduction in εTAT values in the same stress regime. This is consistent with the 
elastic and undamaged state of the specimens up to the CI limit of the rock specimens (25%-30% 
of UCS). Below CI, the rock specimens are not expected to display inelastic behavior associated 
with the development of extensile microcracks, and consequently the εNEAT variations are 
minimal up to CI. With further loading (30%-75% of UCS), the εNEAT value increases as the 
material becomes increasingly non-elastic because of stress-induced microcracking. Overall, 
εNEAT is more sensitive to damage evolution than εTAT, as it shows changes on the order of 200%-
400% over the course of testing in comparison to increases of around 100% in εTAT. 
4.5.3 LUT signatures under uniaxial loading 
As shown in Figure 4-3, LUT measurements were also carried out at three locations 
along the length of the specimen (UIA-1, UIA-2, and UIA-3), in-sync with the 2D-DIC 
measurements. In particular, the amplitude of the transmitted ultrasonic waves were analyzed 
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simultaneously with increasing levels of load on the rock specimens. The amplitude of the 
transmitted seismic wave was calculated as the summation of the absolute maximum and 
absolute minimum voltage in the time-domain signals (Hedayat et al., 2018). Figure 4-11 shows 
the changes induced in the transmitted amplitude of the ultrasonic signals due to the increasing 
level of uniaxial stress on the specimens. The amplitude of the transmitted ultrasonic waves were 
normalized with respect to their amplitude at the start of the uniaxial compressive loading similar 
to the procedure followed by Modiriasari et al. (2017). The trend of the changes in the ultrasonic 
wave amplitude due to the increasing level of loading follow a reasonably consistent trend for all 
the specimens and for each of the UIA regions (Figure 4-11). Initially at low levels of load (20%-
30% of UCS), an increase in the transmitted amplitude of the ultrasonic waves can be observed 
for all the specimens, which is consistent with the findings of Gowd (1970) who also observed 
an increment in the amplitude of the ultrasonic waves in the initial stages of loading. This 
increase in the amplitude is consistent with the reduction in the total apparent tensile strain εTAT 
in the same stress regime (see Figure 4-10a). The reduction in εTAT is associated with material 
hardening which increases the contact area between the grains of the rocks, resulting in an 
increase in the transmission of the ultrasonic wave amplitude (Liu and Nagel, 1992; Gheibi and 
Hedayat, 2018). Amplitude attenuation in the ultrasonic waves starts to increase with an increase 
in the stress magnitude applied on the specimens (30% to 70% of the UCS). This attenuation in 
the ultrasonic signals can qualitatively be attributed to the formation and initiation of grain-
boundary cracks which tend to reduce the wave transmission amplitude due to frictional sliding 
on the crack surfaces (Gowd, 1970; Rao and Ramana, 1974; Modiriasari et al., 2017). The 
increase in the total and non-elastic apparent tensile strain at the same stress level is consistent 
with the formation of extensile cracks over this range of stresses (30% to 70% of the UCS). The 
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amplitude reduces at an accelerated rate as the applied stress on the specimens is increased 
beyond 70%-80% of its failure strength, which can be linked with the increased rate at which the 
total and non-elastic apparent tensile strain increase starting around the same stress level (see 
Figure 4-10). 
 
Figure 4-7 Full-field profile of the major (ε11) and minor (ε22) principal strains obtained by 2D-
DIC at different stress levels; (a) major (ε11) principal strain; (b) minor (ε22) principal strain for 







Figure 4-8 Histograms showing the distribution of strain in the local UIA regions for the three 
Lyons sandstone specimens; (a) LSP-1; (b) LSP-2; and (c) LSP-3. Positive (+) and negative (-) 





Figure 4-9 The procedure followed for the calculation of the critical strain limit εc, where: (a) 
specimen-scale; (b) pixel-scale (which depends on strain resolution); and (c) grain-scale. 1Stacey 
(1981); 2Diederichs (1999); 3Shirole et al. (2018b); 4Sharma and Verma (1997); 5lTang et al. 
(2014); 6Prat et al. (1995); 7Strozyk and Tankiewicz (2016). 
The results in the present work show that the amplitudes drop by 40%-80% from their 
initial value over the course of loading (Figure 4-11). This observation is consistent with the 
conclusions of several other studies that attenuation is sensitive to flaws in the medium through 
which a wave propagates (Walsh, 1966; Gowd, 1970; Gupta, 1973; Rao and Ramana, 1974; 
Lockner et al., 1977; Modiriasari et al., 2015; Barnhoorn et al., 2018). This is also consistent 
with the fact that at high frequencies (in the range of MHz) the ultrasonic wave amplitude is 
more sensitive to damage than the ultrasonic wave velocity (Pyrak-Nolte et al., 1987a,b; Pyrak-




Figure 4-10 Variation of (a) total apparent tension εTAT, and, (b) non-elastic apparent tension 
εNEAT as a function of loading for the rock specimens LSP-1, 2, 3 at the three UIA locations.  
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4.5.4 Correlation between full-field strains and ultrasonic wave amplitude 
Understanding the relationship between the full-field strain-evolution and corresponding 
changes in the LUT parameters is important for explicitly correlating damage evolution in the 
rocks with the changes in the LUT parameters. To this end, the ultrasonic wave amplitude has 
been plotted against the calculated tensile strain quantities at each stress level during the uniaxial 
experiments (Figure 4-12). Figure 4-12 shows that the relationship between the ultrasonic wave 
amplitude and the apparent tensile strain (εTAT; εNEAT) is consistent above the CI threshold for all 
the specimens; in particular, ultrasonic wave amplitude reduces as the intensity of tensile strain 
increases in the three UIA regions. In contrast to this, the amplitude shows inconsistent non-
linear relationship with the apparent tensile strain below the CI limit.  In laboratory-based 
uniaxial compressive tests, stable microcrack growth initiates only above the CI threshold, and 
below this threshold stress-induced microcracking is not expected to initiate as the tensile strain 
intensity is not large enough to induce stable extensile microcracks (Diederichs, 1999; Cai et al., 
2004). The absence of microcracks below the CI threshold explains the inconsistent correlation 
between the ultrasonic wave amplitude and apparent tensile strain (εTAT; εNEAT) below CI, as the 
transmission of ultrasonic waves is only strongly affected by the presence of cracks (Meglis et 
al., 1996). The inconsistent non-linear correlation up to CI can also be attributed to the low 
sensitivity of the LUT testing procedure to detect changes in a material medium at low levels of 
loading (van den Abeele and Visscher, 2000; Shirole et al., 2018a,b).  
Figure 4-12a shows the relationship between the ultrasonic wave amplitude and εTAT, 
from which it can be inferred that the ultrasonic wave amplitude reduces as the εTAT increases in 
the three UIA regions for stresses above the CI limit. A similar observation can be made from 
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Figure 4-12b, which shows that increasing non-elastic apparent tensile strains (εNEAT) correspond 
to a reduction in the ultrasonic wave amplitude. In particular, εNEAT shows better correlation with 
wave amplitude relative to the correlation of εTAT with wave amplitude (compare Figure 4-12a 
and Figure 4-12b). This is expected because the non-elastic tension (crack formation) in the 
specimens is expected to influence the transmitted wave to a greater extent than the areas that are 
deforming elastically under locally tensile stress (Modiriasari et al., 2015). The relatively better 
correlation of εNEAT   with the amplitude is also consistent with the findings of Lockner et al. 
(1977), who stated that amplitude attenuation is a measure of the non-elastic component of 
deformation in the medium through which the ultrasonic wave propagates; these results (Figure 
4-12) therefore represent an explicit experimental confirmation of the fundamental observations 
of Lockner et al. (1977). Figure 4-12b shows that the relationship between the non-elastic 
apparent tensile strain and the ultrasonic wave amplitude above the CI is approximately linear, 
which is consistent with the findings of Wulff et al. (1999), who also obtained near-linear 
correlation between amplitude attenuation and analytical velocity-inverted crack density in the 
specimens. Lu et al. (2017) also found that the presence of damage attenuates the energy of 
transmitting ultrasonic waves, and that the dissipation of the ultrasonic energy increases 
approximately linearly with the damage, which is also consistent with the correlations shown in 
Figure 4-12b. Cai and Zhao (2000) also noted that high frequency waves (ultrasonic waves) 
propagating through a fractured material are attenuated (and slowed), with each of the fractures 
contributing individually to wave attenuation like a single discrete feature. Similarly, Huang et 
al. (2014) and Yang et al. (2018) found that fractures lead to the loss in transmission (reduction 
in amplitude) of the high frequency ultrasonic waves. Based on its definition, any increase in the 
magnitude of the εNEAT is analogous to the formation, accumulation and growth of extensile 
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microcracks in the rock specimens. As tensile strain-induced microcracks accumulate in the 
specimen (increasing εNEAT), more of the ultrasonic wave energy gets dissipated at the 
microcrack locations, leading to a reduction in the transmitted wave amplitude. The results 
shown in Figure 4-12b are consistent with the findings of Modiriasari et al. (2015; 2017) who 
found that increasing amounts of tensile microcracking led to a reduction in the direct 
transmitted wave amplitude. 
In the case of brittle rocks, most of the microcracking-related damage prior to the failure 
stress (UCS) is intergranular (between grains), either by widening of pre-existing microcracks or 
by rupturing of the cementitious grain contacts with the dimensions of the microcracks being 
similar to the grain size (Zhang et al., 1990; Diederichs, 1999; Hazzard et al., 2000). With this in 
mind, the size (D) of the majority of the microcrack-related damage features can be considered to 
be approximately 190 µm (as the average grain size of Lyons sandstone is 190 µm). The 
wavelength (ʎ) of the propagating ultrasonic wave is 930 µm (Table 4-1), which is 
approximately 5 times the size of the damage features (D<<ʎ, sub-wavelength damage features). 
In the limit of D<<ʎ, scattering-related attenuation is significant (Yin et al., 1995; Treiber et al., 
2010). As the travelling ultrasonic wave crosses the heterogeneities (microcracks) in the 
transmitting medium, the wave energy is scattered in many different directions that are different 
from the original direction of wave propagation, which leads to attenuation in the ultrasonic 
energy transmitted in the original direction of propagation (Gao et al., 2001; Treiber et al., 2010). 
This can alternatively be explained as the fact that if a set of microcracks (increasing εNEAT) 
exists within the transmitting medium, the ultrasonic signals have a more tortuous propagation 
path to travel, which subsequently leads to increased dissipation in the energy of the propagating 
wave (Anugonda et al., 2001; Aggelis and Shiotani, 2007).  
136 
 
The attenuation of the ultrasonic waves with increasing magnitude of εNEAT (microcrack 
accumulation) can also be related to the dissipation in the ultrasonic energy due to frictional loss 
at locations of new stress-induced microcracks (Lockner et al., 1977; Wulff et al., 1999; 
Couvreur et al., 2001). Frictional dissipation of the ultrasonic energy is associated with the work 
done against friction along the mating faces of the microcracks or grain contacts, as with the 
passage of a shear or compressional wave the contact area between grains and microcracks is 
subjected to a partial sliding motion (Walsh, 1966; Mavko, 1979). As the microcrack density 
increases, the dissipation in ultrasonic energy due to the friction loss is also expected to increase, 
which is consistent with the observations of Lockner et al. (1977). The increase in attenuation of 
the ultrasonic signals as a function of the non-elastic apparent tensile strain (microcracks), with a 
near-linear correlation as shown in Figure 4-12, can, therefore, be associated with the dissipation 
in the ultrasonic energy due to scattering and friction-related wave attenuation mechanisms.  
The effect of microcracking on the ultrasonic wave amplitude becomes more evident 
when comparing the magnitudes of εNEAT for the three UIA regions. The magnitude of εNEAT is 
consistent for the three UIA regions for LSP-2, and correspondingly the amplitude attenuation 
for the three UIA regions is also consistent (Figure 4-12b). For LSP-1 and LSP-3, the magnitude 
of εNEAT is non-uniform for the three UIA regions, where the greatest reduction in the transmitted 
signal amplitude corresponds to the highest strain values (UIA-3 for LSP-1, and, UIA-1 and 
UIA-2 for LSP-3 in Figure 4-12b). These observations further corroborate the findings of 
Kurtulus et al. (2012), Modiriasari et al. (2015; 2017), and Yang et al. (2018) that the presence of 
cracks caused by locally tensile strain concentrations is the primary cause of attenuation in the 
ultrasonic wave amplitude in intact rock. Furthermore, these results suggest that the selected 
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strain metrics provide a practically useful representation of microcrack damage in rock for the 
purposes of understanding ultrasonic wave attenuation.  
 
Figure 4-11 Variation of ultrasonic wave amplitude as a function of loading for the rock 
specimens LSP-1, 2, 3 at the three UIA locations. 
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Studies have concluded that changes in ultrasonic amplitude can be a precursor to the 
evolution of damage in rock specimens with macroscopic flaws (Hedayat et al., 2013; Hedayat et 
al., 2014a; Modiriasari et al., 2015, 2017). In contrast, there are studies that have shown the 
capability of ultrasonic signals to objectively define onset of cracking in rocks without any 
precursors to damage being indicated by the ultrasonic signals (Wulff et al., 1999; Couvreur et 
al., 2001; Barnhoorn et al., 2018). In the tests conducted in the present study, the attenuation in 
ultrasonic amplitude begins around 25%-30% of UCS for the three specimens (Figure 4-11), 
which is close to the Crack Initiation (CI) limit of Lyons sandstone (25%-30% of UCS). εNEAT, 
which is a metric of damage as calculated from the surface strain-field, shows a distinct rise 
around 30% of failure stress for the specimens (Figure 4-10b). With further loading (30%-75% 
of UCS), the εNEAT value increases as the material becomes increasingly non-elastic because of 
stress-induced microcracking, with an accelerated increase around 70%-80% of UCS (Figure 4-
10b). The amplitude also reduces at an increased rate as the applied stress on the specimens is 
increased beyond 75% of its failure strength (Figure 4-11), which can be linked with the 
increased rate at which the non-elastic apparent tensile strain (εNEAT) increases starting around 
the same stress level (see Figure 4-10). From this, it can be concluded that at increased level of 
damage, the changes in strain-field tend to be near-simultaneous with the changes in the wave 
attenuations. This can be further confirmed from the near-linear relationship between the εNEAT 
and the ultrasonic wave amplitude above the CI (Figure 4-12b), coherent with the findings of 
Wulff et al. (1999). This observation is consistent with the studies of Wulff et al. (1999), 
Couvreur et al. (2001) and Barnhoorn et al. (2018) who found that the changes in ultrasonic 
signals can be an objective signature of onset (not a precursor) of microcracking in rocks where 
139 
 
the damage is diffuse (randomly distributed) and small relative to the ultrasonic wavelength 
(identical to the scenario in the present study). 
 
Figure 4-12 Correlation between the ultrasonic wave amplitude and the stress-induced strains in 
the Lyons sandstone specimens at the three UIA locations, where: (a) total apparent tensile strain 





In this study, the effect of stress-induced microcracking on the transmission of ultrasonic 
waves was explicitly analyzed. The 2D-DIC strain measurement approach was employed for 
evaluation of the progression of full-field surface strains in real-time for brittle rock specimens 
(Lyons sandstone) subjected to uniaxial loading, and the changes in the strain-field were linked 
with the changes in the ultrasonic wave amplitude in the localized area illuminated by the 
ultrasonic beams, referred to as the Ultrasonic Image Area (UIA) (the UIA region can be seen in 
Figure 4-3).  
The 2D-DIC full-field strain map showed that the strain-field of the rock specimens 
becomes increasingly heterogeneous with increasing load on the rock specimens. Based on the 
fact that cracking related to local extensile strains is the primary deformation mechanism for 
brittle rocks such as Lyons sandstone, the distribution of strains and its effect on the ultrasonic 
signatures was studied by analyzing the ε22 tensile strain-field. In particular, the intensity of 
extensile strain in the UIA regions was analyzed through the total (εTAT) and non-elastic apparent 
tensile strain (εNEAT). The non-elastic apparent tensile strain represents the component of the total 
apparent tensile strain above a critical tensile strain limit (εc). The study showed that the total and 
non-elastic apparent tensile strain follow consistent trends with increasing levels of loading on 
the rock specimens, with both εTAT and εNEAT increasing significantly very close to failure of the 
specimens. The trend of changes in εTAT with increasing load was similar to the evolution of 
crack density in rock specimens fractured under anisotropic loading conditions, which suggests 
that the strain metrics selected in this study can be a useful representation of microcrack damage 
processes in rocks for the purposes of understanding ultrasonic wave attenuation.  
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The ultrasonic wave amplitudes for the three UIA regions for each of the rock specimens 
showed similar trends with respect to load level, with the amplitude increasing at initial levels of 
loading, and then attenuating with increased load, showing an accelerated attenuation rate close 
to the failure strength. The attenuation in amplitude was observed to be near-simultaneous with 
the changes in the surface strains of the specimens because of the minimal thickness of the 
specimens. The correlation of ultrasonic amplitude with the non-elastic apparent strain was more 
consistently linear in comparison to its correlation with the total apparent strain. This can be 
attributed to the fact that non-elastic tension (crack formation) in the specimens is expected to 
influence the transmitted wave to a greater extent than the areas that are deforming elastically 
under locally tensile stress, which is consistent with the observations of Lockner et al. (1977). 
The increase in attenuation of the ultrasonic signals as a function of the non-elastic apparent 
tensile strain (microcracks) was associated with the dissipation in the ultrasonic energy due to 
scattering and friction-related wave attenuation mechanisms. The near-linear correlation between 
the ultrasonic amplitude and non-elastic apparent tensile also provided explicit experimental 
validation of the fact that the presence of cracks caused by locally tensile strain concentrations is 
the primary cause of attenuation in the ultrasonic wave amplitude in brittle rocks undergoing 
stress-induced damage. 
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CHAPTER 5  
EXPERIMENTAL INVESTIGATION OF MULTI-SCALE STRAIN-FIELD 
HETEROGENEITY IN ROCKS 
This paper has been submitted for publication in the journal International Journal of Rock 
Mechanics and Mining Sciences (Shirole et al., 2019c).  
Deepanshu Shirole, Gabriel Walton, and Ahmadreza Hedayat 
5.1 Abstract 
Rocks have inherently heterogeneous microstructures. The mechanical response of these 
heterogeneous microstructures primarily governs the overall macroscopic behavior of intact 
rocks, as these features cause heterogeneity in the distribution of stress and strain within a rock 
volume. These attributes have generally been studied through numerical tools, but in this thesis, 
the stress-induced multi-scale spatial heterogeneity in the strain-field of three types of rocks was 
analyzed experimentally. The full-field non-contact strain measurement approach of 2-
Dimensional Digital Image Correlation (2D-DIC) was employed for real-time evaluation of the 
progression of strain-field heterogeneity across the surface of the rock specimens when subjected 
to uniaxial compression. The results show that the strain-field heterogeneity is a characteristic of 
the inherent heterogeneity of the rock specimens and that it amplifies with the magnitude of 
stress applied on the rock specimens. The changes in the strain-field heterogeneity with loading 
were consistent with established microcrack evolution processes in the rock specimens. The 
statistical fluctuation in the strain-field heterogeneity of the three rocks at varying gauge lengths 
(GL) was then analyzed for the determination of the Representative Volume Element (RVE) 
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length-scale at increasing load levels. The evolution of the RVE length-scale with loading 
facilitates an objective way of determination of the stress at which the strain-field heterogeneity 
increases and begins to influence the overall global response of the material. The RVE length-
scale variation with loading showed that the RVE length-scale reaches the specimen-scale at load 
levels well below the peak strength.  
5.2 Introduction 
Rocks consist of an assembly of heterogeneous constituents, including a variety of 
mineral grains with different size, stiffness, and shape, in addition to pre-existing defects in the 
form of cracks and grain-boundary cavities (Diederichs, 1999; Diederichs, 2003; Lan et al., 
2010; Fabjan et al., 2015; Peng et al., 2017). These microstructural features contribute to several 
types of micro and meso-scale heterogeneity: geometric heterogeneity resulting from shape and 
grain size variations, elastic heterogeneity due to stiffness mismatch between grains, and contact 
heterogeneity resulting from variability in contact distributions (length and frequency) (Lan et 
al., 2010). This heterogeneity of the rock microstructure results in the rock’s inconsistent grain-
scale response to the applied external stress-fields, which is consistent with the Preisach-
Mayergoyz (P-M) space model that postulates that the mechanical response to an applied 
external pressure differs for each of the mesoscopic elements present in the microstructure 
(McCall and Guyer, 1994; Shirole et al., 2018a,b). Resulting from these differences in the 
mechanical response, in an otherwise homogeneous strain-field, is the formation of local zones 
with high strains (strain concentration), which can generate localized regions of high extensile 
strains and cause localized damage (Kranz, 1983; Dyskin, 1999; Xu and Evans, 2010; Liu et al., 
2018). This localized damage initiates at loads that are considerably smaller than the ultimate 
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load, and can lead to an amplification in the heterogeneity of the stress/strain-fields in the rock 
structure (Diederichs, 1999; Ferrero et al., 2008; Bourcier et al., 2013; Hamdi et al., 2015). 
The macroscopic mechanical response of rocks is generally governed by the strain-field 
heterogeneity produced by the inherent heterogeneous microstructure, with the mechanical 
response of rocks evolving in a multi-scale heterogeneous manner from micro-scale to meso-
scale and eventually to the macro-scale (Martin, 1997; Xia et al., 2002; Diederichs, 2003; Xu et 
al., 2005; Dautriat et al., 2011; Geers et al., 2017; Guo et al., 2017). This implies that it is 
important to investigate the multi-scale heterogeneous behavior of rocks to realistically assess 
the state of damage in rocks, as stress-induced damage at the micro-scale has been observed to 
be masked if observed at larger scales of measurement (Dautriat et al., 2011; Bourcier et al., 
2013). Therefore, constitutive relationships based on macroscopically observed stress-strain 
behavior (commonly used for simulating rock deformation behavior) are not necessarily 
appropriate for a realistic analysis of the actual state of damage in rocks. Such relationships 
might not be able to capture the multi-scale response evolution in rocks, which is vital for the 
long-term stability assessments of critical structures in or on rock, such as dams, bridges, tunnels, 
caverns, and nuclear waste repositories (Liu, 2005; Bornert et al., 2010; Efstathiou et al., 2010; 
Dautriat et al., 2011; Bourcier et al., 2013; Lisjak and Grasselli, 2014; Zhang and Zhao, 2014; 
Lijiang et al., 2018). Therefore, it is important to formulate physics-based constitutive 
relationships that can account for the multi-scale mechanical behavior of rocks. To this end, as 
an initial step, it is essential to experimentally characterize the stress-induced multi-scale 
heterogeneity in rocks and the scale of strain-field homogenization, as this information can be 
useful validation data for analytical or computational models (Vales et al., 2004; Bornert et al., 
2010). Accordingly, in the present chapter, experiments have been carried out on three types of 
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brittle rocks stressed under uniaxial loading in-sync with full-field 2D-DIC measurements for the 
multi-scale assessment of deformation. This work experimentally characterizes the stress-
induced spatial heterogeneity in the strain-field of several rock specimens; previously, such 
heterogeneity has primarily been studied through the use of numerical approaches. Additionally, 
the author demonstrates how different length-scales of study influence the observed strain-field 
heterogeneity. The variation in the strain-field measurements at varying scales is then used for 
the determination of the length-scale of homogenization (i.e. Representative Volume Element 
(RVE) length-scale), at varying levels of damage in the specimens to experimentally evaluate the 
evolution of strain-field heterogeneity. 
5.3 Background 
5.3.1 Strain-field heterogeneity 
The heterogeneity in the stress/strain response of laboratory-scale rock specimens has 
been widely observed in studies performed to understand the damage mechanics of 
heterogeneous brittle rocks. A variety of laboratory-based experimental techniques have been 
developed to observe the salient features associated with damage evolution in a variety of rocks. 
These techniques can be broadly divided into direct and indirect methods for observations of the 
changes accompanying stress-induced damage in rocks. Rock surface observation, thin-section 
viewing, and X-ray imaging technique belong to the category of direct methods, while the most 
common indirect method is the application of a dye or fluorescent for observation of stress-
induced changes, although this method has been found to be inconvenient and time expansive 
(Vinegar et al., 1991; Tham et al., 2003). Thin-section analysis (scanning electron microscope, 
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transmission electron microscope) techniques have been extensively used for studying the 
characteristics of damage processes in rocks (Friedman et al., 1970; Hallbauer et al., 1973; Olson 
and Peng, 1976; Simmons and Richter, 1976; Tapponnier and Brace, 1976; Paterson, 1978; 
Wong, 1982; Kranz, 1983; Fonseka et al., 1985; Mardon et al., 1990; Moore and Lockner, 1995; 
Haied and Kondo, 1997; Li, 2001; Zuo et al., 2014; He et al., 2016). Experimental studies based 
on the thin-section viewing broadly concluded that the micro and meso-level heterogeneity 
present in the microstructure controls the damage and fracture initiation in rocks. However, the 
aforementioned works had the following limitations: (1) the microstructural (thin-section) 
analyses were performed under zero stress conditions after an experiment; (2) the analyses 
performed were complicated, time-consuming, and expensive; and (3) there is a degree of 
subjectivity associated with the selection of the region from which the thin-section is extracted 
(Seo et al., 2002; Tham et al., 2003; Dautriat et al., 2011; Dai et al., 2019). Another shortcoming 
of these traditional experiments lies in the fact that it is difficult to measure stress or strain 
distribution throughout a specimen volume in real-time, which limits our capacity to understand 
the influence of stress-field heterogeneity on rock damage processes (Tang and Hudson, 2010). 
Because of the limitations associated with the traditional experimental approaches, grain-
based (discontinuum) numerical techniques have been developed for simulating the influence of 
micro-scale heterogeneity on rock damage processes (Diederichs, 1999; Zhang et al., 2005; Li et 
al., 2006; Lan et al., 2010; Mahabadi et al., 2012; Lisjak et al., 2013; Duan et al., 2015; Fabjan et 
al., 2015; Liu et al., 2018; Dai et al., 2019). These studies showed that numerical approaches can 
be efficient in addressing the issues relating the effect of grain-scale material heterogeneity on 
the deformation mechanisms of intact rocks. Diederichs (1999) and Lan et al. (2010) showed that 
microstructure heterogeneity can cause the local stresses to be significantly different in 
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comparison to the macro-level stress-field, which can be a potential source of damage nucleation 
in brittle rocks. The reliability of these grain-based models varies based on the calibration 
procedure used for processing the micro-material grain properties (Mahabadi et al., 2012). 
Keeping this and the limitations of traditional experimental approaches in mind, there is value in 
considering unconventional experiment-based techniques to study the role of stress and strain 
heterogeneity in rock damage processes.  
The non-contact technique of 2D-DIC has been employed by many authors to obtain full-
field strain measurements, and has proven to be very useful in investigating deformation-related 
strain heterogeneities in variety of materials (Berthaud et al., 1997; Xia et al., 2002; Xu et al., 
2005; Bornert et al., 2010; Efstathiou et al., 2010; Kim et al., 2010; Dautriat et al., 2011; 
Bourcier et al., 2013; Fauchille et al., 2016; Huang et al., 2016; Koobhor et al., 2017; Lijiang et 
al., 2018; Shirole et al., 2019a). However, the aforementioned works do not quantitatively assess 
the evolution of strain-field heterogeneity with damage. Consequently, in this study, the 2D-DIC 
technique has been implemented to measure stress-induced strain-field heterogeneity in real-time 
for three types of brittle rocks damaged under uniaxial loading. This study, as far as the author is 
aware, is the first experimental study that quantitatively assesses the stress-induced strain-field 
heterogeneity to validate the fundamental numerical findings of Diederichs (1999) and Lan et al. 
(2010). 
5.3.2 Multi-scale strain heterogeneity and RVE 
The heterogeneous microstructure of rocks produces an inconsistent mechanical response 
to an externally applied stress-field, which causes multi-scale (from micro-scale to macro-scale) 
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variability in the strain (damage) distribution across the volume of the rock (Blair and Cook, 
1998; Guyer and Johnson, 2009; Bornert et al., 2010; Dautriat et al., 2011). During such a trans-
scale damage progression, the heterogeneity in the strain-field at smaller-scales can be 
significantly larger than the heterogeneity at the macro-scale (Xia et al., 2002; Xu et al., 2005). 
Therefore, for a realistic evaluation of the rock damage processes, it is essential to analyze the 
stress-induced strain-fields at different scales synchronously, as deformation at one length-scale 
may manifest differently at other length-scales. The full-field 2D-DIC deformation 
measurements do not possess an inherent length-scale of measurement and therefore, this 
technique is highly suitable for multi-scale observation of full-field strain-fields (Berthaud et al., 
1997; Efstathiou et al., 2010). Accordingly, the 2D-DIC technique was implemented in this study 
for direct evaluation of the multi-scale heterogeneity in the strain-field of rock specimens 
stressed under uniaxial loading. This allows for examination of how different length-scales 
influence the measured strain heterogeneity, and subsequently aids in the definition of a pertinent 
minimum scale of measurement necessary for illustration of the active state of damage in the 
rock specimens (Bourcier et al., 2013; Bargmann et al., 2018). 
In heterogeneous materials, the overall macroscopic constitutive behavior is generally 
simulated by theoretical estimations based on the process of homogenization, in which a 
representative volume element (RVE) containing all the geometric and constitutive information 
of the microstructure is used (Luciano and Sacco, 1997; Li et al., 2015). The homogenization 
process leads to masking of the multi-scale response of heterogeneous solids above the length-
scale of a RVE (Efstathiou et al., 2010; Geers et al., 2017). Consequently, for an accurate 
description of the overall mechanical response of heterogeneous solids to loading, the minimum 
size of the RVE must be known (Liu, 2005). In the context of laboratory testing, results from 
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designated specimens need to be representative of the overall global response of the rock of 
interest and should be independent of the location on the specimen where the deformation 
measurements were taken, for which the characterization of the RVE is extremely important 
(Kim et al., 2010). Therefore, RVE length-scale determination is essential for studying the 
overall response of complex heterogeneous materials, although, for any realistic heterogeneous 
material, a robust and universal approach for defining the RVE does not exist (Liu, 2005). 
The RVE is usually regarded as the minimum volume of a heterogeneous material that is 
sufficiently large to be statistically representative of the material’s microstructure; in other 
words, the RVE should effectively include a sampling of all microstructural heterogeneities 
(grains, inclusions, voids, fibers, cracks, etc.) that occur in the material structure (Kanit et al., 
2003; Li et al., 2015). The RVE should be such that statistical homogeneity is satisfied and 
fluctuations of any physical or mechanical properties at or above this length-scale are minimal 
(Velasquez, 2009). Essentially, the characteristics (either mechanical or geometrical) at the RVE 
length-scale should be statistically homogeneous such that the macroscopic material 
characteristics and the RVE characteristics are the same. The experimental determination of 
RVE length-scales is typically based on morphological appearance (geometrical attributes; see 
Graham and Yang (2003), Heggli et al. (2005) and Kim et al. (2010)) or based on elastic 
properties (see the work of Cho and Chasiotis (2007), and Gharahbagh and Fakhimi (2010)). The 
length-scale at which the statistical variation in some quantity (e.g. strains) ceases to exist can 
also represent the RVE length-scale. Romero and Masad (2001), Liu (2005), Efstathiou et al. 
(2010), Kim et al. (2010), and Koohbor et al. (2017) used this approach of statistical 
homogeneity for the RVE determination of materials like asphalt mixtures, explosive simulant, 
titanium, and woven fibre-composites. Bourcier et al. (2013) also used a similar procedure for 
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determination of the RVE length-scale of synthetic halite samples, although the RVE defined in 
this study was not representative of the global mechanical response of the material as it was 
determined based on the statistical variation of strains only in a local region present on the 
material surface. Two limitations of these aforementioned studies are: (1) they fail to address the 
effect of stress-induced amplification of the strain-field heterogeneity on the RVE length-scale of 
a material; and (2) a limited amount of experimental work has been conducted on RVE length-
scale determination of laboratory-scale brittle rock specimens based on its multi-scale 
mechanical response to loading. In this chapter, the RVE length-scale based on multi-scale 
strain-field heterogeneity was analyzed for three types of rocks at different levels of uniaxial 
loading. The 2D-DIC technique has previously been used for RVE length-scale determination 
because of its capability to facilitate real-time deformation measurements at a wide range of 
length-scales and at different levels of damage (Kim et al., 2010; Bourcier et al., 2013; Koobhor 
et al., 2017). 
5.4 Materials and Testing Procedure 
5.4.1 Materials 
The present study experimentally examined three rock types: Lyons sandstone (LS), 
Barre granite (BG), and Stanstead granite (SG); key physical characteristics of these rocks are 
summarized in Table 5-1. These rock types were selected as they typically deform in a brittle 
manner, which for the purpose of this paper refers to the property of rocks to fail through locally 




Lyons sandstone (LS) is a brittle sedimentary rock; information on the mechanical and 
physical properties of LS has been already presented in Chapters 2, 3 and 4. However, the elastic 
modulus of the specimens used in this study was 65 GPa. The second rock type, Barre granite 
(BG), is a crystalline rock forming a part of the Devonian New Hampshire pluton series located 
in the south-west region of Burlington, Vermont (USA) (Iqbal and Mohanty, 2007). BG is a fine 
to medium grained granodiorite with mineral grain sizes ranging between 0.25 to 3 mm with an 
average grain size of 0.87 mm (Iqbal and Mohanty, 2007; Nasseri et al., 2010). BG is 
characterized by a very consistent mineral matrix of feldspar (65% by volume, with an average 
grain size of 0.83 mm), quartz (25% by volume, with an average grain size of 0.9 mm), and 
biotite (6% by volume, with an average grain size of 0.43 mm) (Iqbal and Mohanty, 2007; 
Nasseri et al., 2010). Because of its crystalline nature, BG has a negligible porosity of 0.6% with 
a density of 2.59 g/cm3 (Iqbal and Mohanty, 2007). 
Stanstead granite (SG) is an extensively studied rock of Devonian age found in the Beebe 
region of Quebec, Canada (Nasseri and Mohanty, 2008; Ghazvinian, 2010). SG is a medium to 
coarse-grained crystalline rock whose typical mineral constituents are feldspar (65%), quartz 
(25%), and biotite (8.5%) (Table 5-1), with grain sizes ranging between 0.5 to 2 mm (Nasseri et 
al., 2010; Walton, 2018). The average grain size of SG is approximately 1.35 mm, with feldspar 
grains having an average size of 1.5 mm, quartz grains having an average size of 1.25 mm, and 
biotite grains having an average size of 0.6 mm. The density of the Stanstead granite specimens 
used in this study is 2.61 g/cm3.  
The difference in the average grain size of the three rock types (Table 5-1) is visually 
presented in Figure 5-1. 
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Table 5-1 Physical and mechanical properties of the rock types considered in this study.  
Prismatic specimens of the three rock types were prepared (150 mm long, 75 mm wide, 
and 25 mm thick). The prismatic specimens of each rock type were prepared by following the 
procedure and guidelines as described in Section 2.3 which ensured that the upper and lower 
surfaces of the specimens were smooth, flat and leveled to within 0.01 mm under dry conditions 
using mechanized grinding. For the purpose of presentation of the experimental results, the 
tested specimens are labelled as LS-1, LS-2, and LS-3, where LS stands for “Lyons Sandstone”, 
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Quartz 0.90 25 
0.80 0.6 192 58 Feldspar 0.83 65 




Quartz 1.25 25 
1.50 0.6 139 44 Feldspar 1.50 65 




Figure 5-1 Rock types considered in this study. 
5.4.2 Testing Procedure 
Uniaxial compression loading experiments were conducted on each of the prismatic 
specimens for the three rock types, and the 2D-DIC procedure was synchronously implemented 
during each of the experiments to allow evaluation of the characteristics of the full strain-field 
developed during external loading. Figure 5-2 shows the set-up employed for the application of 
2D-DIC for recording the evolution of strain-field heterogeneity on the uniaxial loaded 
specimens of the three rocks in real-time. The details on the set-up have been presented in the 
Sections 2.3 and 4.4 of thesis. The calculated mean uniaxial compressive strength (UCS) and 
elastic modulus of the three rock types after the completion of the uniaxial testing are given in 
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Table 5-1. It shows that LS, which has the smallest grain size, has the highest strength, while SG, 
which has the largest average grain size has the lowest strength. 
The 2D-DIC fundamentals and the experimental procedure as followed for its application 
in this research have previously been presented in detail in Sections 4.3 and 4.4. 
5.5 Results and Discussion 
5.5.1 Validation of the 2D-DIC measurements 
The images acquired during the uniaxial compression tests were correlated to extract the 
full-field surficial strains using VIC-2D DIC software using similar software input parameters as 
stated in Section 4.5.1. This resulted in a magnification factor of M = 100 µm/pixel (see Section 
4.5). The accuracy of the 2D-DIC measurements was validated using the same procedure as 
described in Section 4.5.1, which is based on the comparison of the magnitude of the axial strain-
field measured through the 2D-DIC procedure with the specimen-scale axial strain magnitude 
measured by the conventional LVDT system (Figure 5-3). From Figure 5-3, it is clear that the 
2D-DIC strain measurements are correlated well with the LVDT measurements, which again 
provide evidence of the accuracy of the 2D-DIC design. For detailed comparison, the slopes of 
the percent failure stress-axial strain plots at 50% of failure load obtained through the 2D-DIC 
and LVDT methods were also calculated, as was presented for a previous suite of tests in Section 
4.5.1 (Table 5-2) (Shirole et al., 2019a). Table 5-2 shows that the percentage difference in the 
slopes calculated by the two techniques of strain measurement is below 10%, which is consistent 




Figure 5-2 The experimental design employed for synchronously capturing the evolution of the 
full-field strains using the 2D-DIC procedure under uniaxial loading conditions (Shirole et al., 
2019a). (a) Laboratory set-up where: (a1) CCD camera; (a2) loading frame of the Controls 
Group Inc.; (a3) Linear Variable Differential Transformer (LVDT); (a4) rock specimen with 
speckled front surface. (b) Schematic diagram of the 2D-DIC set-up for in-plane full-field 
measurement of strains where: (b1) 2D-DIC set-up viewed perpendicular to the camera axis; (b2) 
Speckled front-face of the prismatic specimen captured by the camera; viewed co-axially to the 
camera axis. (Modified from Shirole et al. (2019a)).    
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Table 5-2 Comparison of the slopes of the percent failure-axial strain plots obtained from the 
DIC and LVDT measurements at 50% of the failure stress. This procedure is similar to the 
procedure followed by Shirole et al. (2019a). 
Specimen 
Slope (×104) Percentage Difference (%)  
(LVDTSlope-DICSlope)*100/LVDTSlope DIC  LVDT 
LS-1 0.040  0.043 7.0 
BG-1 0.030 0.031 3.0 
SG-1 0.038 0.039 3.0 
5.5.2 Strain-field heterogeneity under loading 
It is already known that the processes of damage initiation and accumulation in rocks are 
primarily dominated by tensile mechanisms, even when rocks are macroscopically subjected to 
compressive loads (Tapponnier and Brace, 1976; Stacey, 1981; Martin and Chandler, 1994; 
Diederichs, 2003; Ferrero et al., 2008; Song et al., 2016; Liu et al., 2018; Shirole et al., 2019a). 
The microstructural heterogeneity present in rocks can generate local tensile stresses, and as 
rocks are weak in tension (Paul (1968) concluded that in brittle materials the compressive 
strength typically exceeds the tensile strength one by an order of magnitude or more) it leads to 
nucleation of local tensile damage in the rock’s microstructure (Diederichs, 1999). Accordingly, 
Lan et al. (2010) used the minor principal stress (ε22), which is primarily extensile in nature, for 
studying the effect of heterogeneity on brittle rock failure mechanisms in numerical models. 
Similarly, in this study, the full-field maps of the minor principal strain (ε22) computed with a 
strain resolution of 2.5 mm (Shirole et al. (2019a)), have been analyzed in detail for studying 
stress-induced amplification of strain-field heterogeneity in the three rock types (Figure 5-4). 
Strains have been used for characterization of the heterogeneity because strains (and not 
displacements) provide a better representation of active damage mechanisms (Dautriat et al., 
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2011). The ε22 strain-field develops because of the Poisson’s effect, with the rock specimens 
expanding in the lateral direction due to the uniaxial compression of the specimen along its 
longitudinal axis (the long axis shown in Figures 5-1 and 5-4). This material expansion causes a 
macroscopic tensile field to develop perpendicular to the loading direction. As cracks generally 
nucleate in a direction perpendicular to the principal tensile field, the map of ε22 strain-field 
shows a series of primarily sub-vertical strain concentration features parallel to the long axis of 
the specimens (Figure 5-4). Figure 5-4 shows that at low levels of stress (25% of UCS), the 
heterogeneity in the ε22 strain-field of the three rock types is minimal, and the strain-field 
heterogeneity increases dramatically for all the specimens at higher stress levels (more extreme 
for BG and SG in comparison to LS). This proliferation in the spatial heterogeneity of the ε22 
strain-field with increasing loading is consistent with the brittle rock stress-field heterogeneity 
trends proposed by Diederichs (1999; 2003). 
To quantitatively analyze the progression of strain-field heterogeneity with increasing 
external stress, the standard deviations of the major (ε11) and minor principal (ε22) strain values 
were calculated and were subsequently plotted with the corresponding mean strain values (Figure 
5-5). In Figure 5-5, the blue dots denote the macroscopic mean values of the major (ε11) and 
minor principal (ε22) strain-fields over the whole surface of the specimen throughout the loading 
history. The major and minor axes of the ellipse represent the magnitudes of the standard 
deviations in the major (ε11) and minor principal (ε22) strain-fields, respectively; the center of 
each ellipse (shown as a black square in Figure 5-5) is characterized by the mean of the major 
(ε11) and minor principal (ε22) strain-fields at the relevant load level. The size of the ellipse 
shown in Figure 5-5, therefore, represents the heterogeneity (fluctuations) in the strain-field 
across the volume of the specimens at different load levels. The large size of the ellipses (Figure 
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5-5) experimentally validates that there are indeed regions in the volume of the rock specimens 
which are characterized by strains that are notably higher in magnitude than the mean strain-field 
acting on the specimen. For example, it can be seen in Figure 5-5 that at all levels of loading, the 
magnitude of the maximum tensile strain (ε22) is significantly different than the mean-field 
magnitude. It should be emphasized that these regions of high local tension are the result of 
defects present in the material, and are the potential cause of damage initiation (Diederichs, 
1999; Dyskin, 1999). Figure 5-5 shows that the size of the ellipse (which signifies strain-field 
heterogeneity) increases as the magnitude of load increases in the specimens, with a significant 
increase in strain-field heterogeneity at high levels of stress (90% of UCS and above), which can 
be qualitatively observed in Figure 5-4. The increase in the strain-field heterogeneity with 
increases in the external stress can be associated with intensification in the localized 
redistribution of strains due to loading-induced microcracking (Xu et al., 2005). 
It can be observed for all the specimens (Figure 5-5) that even at low levels of load (25% 
of UCS), the ellipse size is non-negligible (the strain distribution is inhomogeneous); this 
heterogeneity at low stress can be associated with micro-level heterogeneity, and the relatively 
transient force-chains at low levels of stress as shown in Figure 5-4 (Dyskin, 1999; Zhang et al., 
2017). With an increase in the load levels (50%-75% of UCS), the size of the ellipse increases 
slightly, which can be associated with the nucleation of microcracks that act as an added source 
of heterogeneity in the rock volume (Lan et al., 2010; Kim et al., 2010). This can also be 
observed in Figure 5-4, which shows that the variability in the distribution of strains increases for 
stress levels above 25% of UCS, although the increment in the strain-field heterogeneity is not 
particularly large. This observation is consistent with the findings of Diederichs (1999; 2003), 
who concluded that initial microcracking has only a slight effect on the overall macroscopic 
159 
 
behavior of rocks. At around 90% of UCS and above, the size of the strain ellipses in Figure 5-5 
increases dramatically. This significant rise in the strain-field heterogeneity can be linked with 
the processes related to the microcrack coalescence close to the failure stress of the specimens. 
Figure 5-4 also shows a large increase in the strain-field heterogeneity and macroscopic fracture 
formation at high-stress levels, especially in cases of BG and SG (90% of UCS and above). 
Hallbauer et al. (1973) concluded that the most significant structural change in rocks occur when 
the applied loads are very close to the UCS of the specimens, and that during this stage the 
number of microcracks increases by a factor of seven. The considerable rise in strain-field 
heterogeneity at high load-levels (90% of UCS and above) is also consistent with the findings of 
Diederichs (1999) and Lan et al. (2010), who found that microcrack coalescence (which occurs 
close to the UCS of the material) significantly affects the axial strain-field, which in turn leads to 
a significant increase in the heterogeneity of the transverse strain-field. 
The heterogeneity-induced difference in the behavior of the three rock types can also be 
interpreted through the strain-field heterogeneity shown in Figure 5-5. Table 5-1 shows that LS 
has the smallest average grain-size (0.19 mm) and SG has the largest average grain-size (1.5 
mm), while the average grain-size of BG (0.87 mm) lies between the two. Blair and Cook 
(1998), Lan et al. (2010), Villeneuve et al. (2011) and Liu et al. (2018) stated that grain-size is 
the dominant source of heterogeneity in rocks. Figure 5-5 shows that at UCS, the size of the 
ellipse, which represents strain-field heterogeneity, is largest in the case of SG specimens (Figure 
5-5g,h,i), while the ellipse size is smaller for BG (Figure 5-5d,e,f)) and LS (Figure 5-5a,b,c) 
specimens when compared with SG specimens. This observation is consistent with the fact that 
grain-size is the dominant cause of strain-field heterogeneity, especially when we compare the 
ellipse size of SG and BG specimens, with the two rocks types having similar crystalline 
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structure and deformation mechanisms, and differing only in the grain-size. The macroscopic 
effect of the grain size induced strain-field heterogeneity is further reflected by the lower mean 
UCS value of SG specimens when compared with the mean UCS of BG (Table 5-1), which is 
consistent with the observations of Villeneuve et al. (2011) and Liu et al. (2018), who found that 
the UCS generally drops with increasing grain size. 
5.5.3 Multi-scale strain-field heterogeneity 
Rocks, because of their heterogeneous microstructure tend to show multi-scale behavior, 
which implies that the strain-field heterogeneity as discussed in the previous section is a function 
of the scale of measurement. As it is experimentally infeasible to assemble strain-fields from 
nanometer-scale to construct strain-fields across a centimeter-scale field-of-view, the strain-field 
heterogeneity at various length-scales has been investigated in this study by implementing a 
simplified procedure similar to that adopted by Efstathiou et al. (2010).  
For this specific task, the strain-field was spatially divided into square boxes throughout 
the surface of the specimens (Figure 5-6), where the size of the box (termed as gauge length 
(GL)) defines the length-scale of measurement. The multi-scale measurements of the strain-field 
heterogeneity can be obtained by selecting coarse (Figure 5-6a) to fine (Figure 5-6c) square 
boxes (larger to smaller GL) as shown in Figure 5-6. To specifically compute the strain-field 
spatial heterogeneity at varying GL, the following approach was followed (Efstathiou et al. 
(2010)): (1) a square box with size GL around a node point (x, y) in the surficial strain-field was 
selected (Figure 5-6a); (2) the average value of strain (ε•22 ) in the square box was calculated, 
which represents strain at the node point (x, y) (Equation 5-1); (3) the previous steps were 
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repeated for all boxes covering the whole surface of the strain-field; and finally, (4) the standard 
deviation (δGL) of the average strain in each of the square boxes, which is the measurement of the 
strain-field heterogeneity at a gauge length of GL, was calculated (Equation 5-2). In Equation 5-
2, ⟨ε•22⟩ is the mean value of strain computed over the entire strain-field of the specimen, Nx 
(Equation 5-3) denotes the number of boxes along the x-axis (transverse axis), and Ny (Equation 
5-4) signifies the number of boxes along the y-axis (longitudinal axis). The GL sizes considered 
in this study varied between 1 mm to 64 mm. The maximum size of the GL (64 mm) was limited 
by the dimension of the specimens, while the minimum size of the GL was based on the 
minimum number of DIC grid steps (each step having 1 grid point) required for constructing a 
square box (with a minimum of 2 two steps along the width and breadth of the square). With the 
size of the steps as 5 pixels (0.5 mm), the minimum GL was 1 mm. The strain resolution of 2D-
DIC measurements is slightly different than GL, as strain resolution essentially represents region 






y GL x GL
y x
x y dGL dGL
GL GL
 
          (5-1) 














   








     (L = Length of the longitudinal axis of the specimens) (5-4) 
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To consider heterogeneity due to the specimen-scale variability in the strain 
measurements (e.g. between specimens), it is important to include the variation in the strain 
measurements made for each of the tested specimens (1, 2, 3) for each of the rock type. To do 
this, the strain values computed for each of the specimens (1, 2, and 3) of a particular rock type 
were combined together, and the standard-deviation in the combined strain-field data set for all 
the specimens (for each rock type) was calculated. The specimen-scale GL is considered to be 
128 mm, which is admittedly approximate in nature (given the rectangular shape of the 
measurement face); at this scale, δGL is simply the standard deviation of the average specimen 
strains for the three specimens of a given rock type. 
Figure 5-7 presents the strain-field heterogeneity (represented by the standard deviation 
(δGL) of the average strain) as a function of GL size for each of the three rock types at different 
levels of applied uniaxial loading. It can be clearly observed that the strain-field heterogeneity 
attenuates near-linearly in semi-log space when the gauge length (GL) is increased (Figure 5-7), 
which is consistent with the findings of Liu (2005), Efstathiou et al. (2010), Bourcier et al. 
(2013) and Koobhor et al. (2017). The amplitude of the strain-field heterogeneity is high at small 
GL. The low-degree of strain-field heterogeneity observed at larger GL sizes can be attributed to 
the fact that the local but amplified heterogeneity in the strain-field gets averaged over a larger 
area for larger GL values, which tends to mask the actual state of strain heterogeneity present in 
the rock volume. The amplification in strain-field heterogeneity at local scales (small GL values) 
can be understood based on the P-M space model (McCall and Guyer, 1994), which suggests that 
the mechanical response to an applied stress for each of the mesoscopic units present in the rock 
microstructure differs because of the geometric and stiffness heterogeneity of the grains. This 
inhomogeneity in the response leads to the generation of local regions of high strain magnitude, 
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which can be identified only at local scale and “smear out” at larger scales of measurement 
(Efstathiou et al., 2010). The amplified strain-field heterogeneity at lower scales of measurement 
is consistent with the fact that the damage process in rocks usually initiates at the local scale 
before progressing to failure at the specimen-scale.  
Damage evaluation of rocks conducted by employing a large-scale measurement 
technique will not facilitate an accurate characterization of the state of damage, which is 
confirmed by the trends of strain-field heterogeneity (represented by the standard deviation of 
the average strain (δGL)) obtained at two scales as shown in Figure 5-8. Figure 5-8 shows the 
changes in strain-field heterogeneity (δGL) as a function of stress level, where the δGL was 
computed at two scales of measurement (1 mm and 128 mm (specimen-scale)). The δGL variation 
with loading shows a particular trend for the three rock types when computed at a GL of 1 mm, 
while δGL variation with loading is nearly constant for GL of 128 mm (specimen-scale). At a GL 
of 1 mm, the strain-field heterogeneity (δGL) remains constant at initial levels of loading (Stage 
I), which could be attributed to the relatively transient force-chain fluctuations due to the 
rearrangement of the internal structure of rocks (Dyskin, 1999; Zhang et al., 2017; Shirole et al., 
2018b). With a further increase in loading, δGL (GL of 1 mm) starts to increase at a relatively 
constant rate (Stage II), although only slightly. This is consistent with the observations taken 
from Figure 5-5, which showed that initial crack growth has only a slight effect on the strain-
field heterogeneity (δGL). At around 80% of stress (Stage III), δGL (GL of 1 mm) increases 
drastically primarily because of the strain localization processes related to microcrack 
coalescence. In contrast, the strain-field heterogeneity (δGL) measured at a GL of 128 mm 
remains constant until after 80% of loading and provides minimal indication of the evolution of 
damage in the specimens. These observations are consistent with the multi-scale behavior of 
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rocks (Dautriat et al., 2011), which implies that the local strain-field heterogeneity is masked at 
high scales of measurement (large GL values), and therefore deformation measurements obtained 
at larger scales may not facilitate description of the active state of damage in rocks (Xu et al., 
2005; Bourcier et al., 2013).  
The evolution of the strain-field heterogeneity (δGL) for the three rocks as obtained at a 
GL of 1 mm is similar to the trend of evolution of crack-density and non-elastic tensile strains in 
uniaxially loaded rock specimens (Wulff et al., 1999; Shirole et al., 2019a). Both crack density 
and non-elastic tensile strains show three stages of transition with loading (as shown for δGL in 
Figure 5-8): a relatively constant trend in in Stage I (due to microstructure rearrangement); an 
increase at a constant rate in Stage II (due to microcrack nucleation processes); and a drastic 
acceleration in Stage III close to the UCS of the rock specimens (due to processes related to 
crack coalescence). Accordingly, Figure 5-8 (GL of 1 mm) shows that the initial increase in 
strain-field heterogeneity (δGL) (marked by the transition from Region I to Region II) occurs 
approximately at 30% of UCS and 40% of UCS for LS and the two granites (BG and SG), 
respectively. This transition can be associated with the nucleation of microcracks as the crack 
initiation (CI) stresses of LS and the two granites (BG and SG) are approximately 25%-30% of 
UCS and 35%-45% of UCS, respectively (Walton, 2018; Shirole et al., 2018a; 2019a). Similarly, 
the accelerated increase in δGL (GL of 1 mm) (marked by the transition from Stage II to Stage 
III) occurs around 80% of UCS for the three rocks, which is reasonably consistent with the crack 
damage (CD) threshold stress at which microcrack coalescence initiates (Walton, 2018; Shirole 
et al., 2018a; 2019a). From this, it can be concluded that the strain-field heterogeneity (δGL), 
when calculated at low-scales of measurement (GL of 1 mm), can be used as a reasonable metric 
for the evaluation of the state of damage in the rock specimens. This also confirms that the 
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evolution of strain-field heterogeneity and damage are interconnected (although only when 
measured at smaller-scales), and ultimately control the overall macroscopic behavior of the rocks 
(Lan et al., 2010). 
5.5.4 RVE length-scale determination 
As the variation of a rock’s RVE as a function of applied loading and associated material 
damage has not previously been studied in detail, an analysis of the macroscopic RVE length-
scale and its variation with damage for the three rock types considered has been carried out in 
this study.  
RVE length-scale determination is generally carried out with three-dimensional 
measurements, however, the RVE determination approach as used in this work is based on 2D 
surficial measurements; therefore, the values presented here are representative surface element 
(RSE). Nonetheless, it can be assumed that the surficial deformations are representative of the 
overall specimen deformation because of the minimal thickness of the tested specimens, and 
therefore, the RSE length-scale of the material can be assumed to be equal to the RVE length-
scale (Efstathiou et al., 2010; Koobhor et al., 2017; Shirole et al., 2019a). The RVE length-scale, 
in the present study, is calculated using the variations in the experimentally measured strain-field 
heterogeneity (δGL) as a function of the GL, as shown in Figure 5-7. It can be seen in Figure 5-7a 
that the near-linear trend of attenuation in the strain-field heterogeneity (δGL) terminates at low 
levels of loading (up to about 40% of UCS) at GL values of over 60 mm (Figure 5-7a1,b1,c1). 
This is because the variation in the measured strain-field heterogeneity (δGL) at large GL values 
becomes negligible. This is consistent with the observations of Bourcier et al. (2013), who 
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associated this with the fact that at large GL, the average of local strain converges to the 
macroscopic (specimen-scale or GL of 128 mm) strain magnitudes, causing the heterogeneity in 
the strain measurements to stabilize. The RVE length-scale can be considered to be the GL at 
which the strain-field heterogeneity (δGL) converges to the specimen-scale strain heterogeneity, 
as at the specimen-scale, the strain-field heterogeneity (δGL) between specimens can be assumed 
to be minimal. Subsequently, the RVE length-scale in this study was determined using the curves 
shown in Figure 5-7, and the RVE was computed with a convergence threshold of 5% and 10%; 
in other words, the RVE length-scale was determined to be the GL value at which the strain-field 
heterogeneity values (δGL) come within 5% or 10% of the specimen-scale (GL of 128 mm) 
strain-field heterogeneity (δGL). Linear interpolation was used to determine values that fell 
between data points. Similar threshold-based procedures have been used by Liu (2005), Bourcier 
et al. (2013), and Koobhor et al. (2017) for RVE length-scale determination.  
The RVE length-scales determined using both the threshold criteria (5% and 10%) have 
been plotted as a function of uniaxial load level in Figure 5-9 for the three rock types. This 
Figure shows a strong sensitivity of the RVE length-scale to the globally applied uniaxial 
compressive load. The calculated RVE length-scales, broadly show similar trends with loading 
for the two threshold criterions. As the focus of the present paper is not on the quantitative 
aspects of the RVE length-scale but on the variation of RVE with damage, the discussion that 
follows is based on the results obtained using the 5% threshold criterion. Figure 5-9 shows that at 
initial levels of load (up to 30% of UCS), the RVE length-scale varies slightly (random 
fluctuations), but broadly remains constant around 60 mm for the three rocks. This nearly-
constant value for the RVE length-scale for the three rocks could be attributed to the low-degree 
of strain heterogeneity in the rock specimens at low levels of loading when the specimen 
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behavior is purely elastic in nature (see Figure 5-4 for 25% of UCS). With an increase in the load 
magnitude, the strain-field heterogeneity in the rock specimens increases, which consequently 
results in a step-change in the RVE length-scale of the three rock types, although this happens at 
different stress levels for the three rocks. After this jump, the RVE length-scale effectively 
reaches the specimen-scale (GL of 128 mm). This is because, as the heterogeneity in the strain-
field intensifies, the strain-field must to be averaged over a larger area to minimize the influence 
of strain variations; this subsequently leads to an increase in the magnitude of RVE length-scale 
at higher load magnitudes (Koobhor et al., 2017). Similarly, lower-load levels induce relatively 
less heterogeneity in a material’s strain-field, and require less averaging, which results in a 
reduced RVE length-scale (Figure 5-9). The increase in RVE length-scale with damage is 
consistent with the observations of Koobhor et al. (2017) and Ostoja-Starzewski et al. (2007). It 
can be observed in Figure 5-7 that the stabilization in the strain-field heterogeneity as observed 
at larger GL (represented by the plateau of δGL as a function of GL in Figure 5-7a1,b1,c1) ceases 
to exist with an increase in the load applied on the specimens (compare Figure 5-7a1 and 5-7a2; 
see Figure 5-7b1,c1). This abrupt termination in the leveling-off of the strain-field heterogeneity 
at large GL consequently results in a step-like increment in the RVE length-scale, with the RVE 
length-scale reaching the specimen-scale (128 mm). The step-jump in RVE length-scale could be 
associated with the fact that after a certain stress-level, strain concentrations begin to occur at the 




Figure 5-3 Comparison of the percent failure stress-axial strain plots obtained from the LVDT 
and the 2D-DIC measurements respectively where: (a) Lyons sandstone (LS-1), (b) Barre granite 





Figure 5-4 Full-field profile of the minor (ε22) principal strain computed from the 2D-DIC 
analysis at different stress levels for the three rock types. The results shown are for LS-1, BG-1 







Figure 5-5 Plot of major principal strain (ɛ11) and minor principal strain (ɛ22) for uniaxially 
loaded specimens of Lyons sandstone (LS), Barre granite (BG), and Stanstead granite (SG). Blue 
dots are the mean values of the ɛ11 and ɛ22 strain-fields across the whole surface of the specimen, 
while the major and minor axes of the ellipses represent the standard deviations of the ɛ11 and ɛ22 
strain-fields at various levels of damage. (-) negative and (+) positive values represent extension 




Figure 5-6 (a) Strain-field and the selection of gauge length (GL) for multi-scale study. The 
strain-field is divided into N effective square-boxes based on the GL, and the strains are 
calculated at the center node (x, y) of each box. (b) A finer window with smaller GL (GL-2) as 
compared to coarser GL (GL-1). 
As shown in Figure 5-9, the RVE length-scale jumps to the specimen-scale (128 mm) at 
about ~75% of UCS for LS, at ~45% of UCS for BG, and at ~35% of UCS for SG. It is generally 
accepted that the macroscopic strain localization due to the processes associated with microcrack 
coalescence initiates at the CD (crack damage) stress threshold, which is approximately ~80% of 
UCS for the three rock types considered in this study (Hallbauer et al., 1973; Diederichs, 1999; 
Diederichs, 2003; Cai and Kaiser, 2004; Lan et al., 2010; Walton, 2014; Shirole et al., 2018b). It 
can be observed that the RVE length-scale, however, reaches specimen-scale at stress levels well 
below the CD threshold for two granitic rocks (Figure 5-9). This suggests that the stress at which 
172 
 
strain-field heterogeneity starts to influence the overall global response of the rock (shown by 
jump in the RVE magnitude to specimen-scale), is different than the stress at which the strain 
concentrations localize at the macro-scale to form a fracture. This could be due to the fact that 
even though localized regions associated with strain-field heterogeneity are present throughout 
the entirety of the specimen (strain-field heterogeneity governs the global response of the rock), 
more stress-induced energy is required to be imparted to the rock volume so that the strain-field 
heterogeneities localize to form a macroscopic failure plane, as less brittle materials continue to 
endure large inelastic deformation without disintegration and without loss of its load carrying 
capacity (Lubliner, 2008). Accordingly, for SG (most heterogeneous and least brittle), the RVE 
length-scale reaches the specimen-scale at the earliest (35% of UCS), while the microcrack 
coalescence (CD at ~80% of UCS) initiates at a later stage, as lot of extra stress-induced energy 
is required for the localization of damage in less brittle materials (Lubliner, 2008; Liu et al., 
2018). Similarly, in case of LS, which is the most brittle and the least heterogeneous rock, the 
RVE length-scale reaches the specimen-scale in a delayed manner (75% of UCS), with the 
microcrack coalescence occurring relatively closer to the crack damage stress (CD at ~80% of 
UCS). This can be related to the low level of heterogeneity in LS, which contributes to the RVE 
reaching the specimen-scale at a high-stress level; this in turn considerably decreases the 
discrepancy between the stress magnitude at which the RVE length-scale reaches specimen-scale 








Figure 5-7 Measurement showing the variation in the strain-field heterogeneity (δGL) at different 
gauge lengths (GL) for: (a) Lyons sandstone (LS); (b) Barre granite (BG); (c) Stanstead granite 
(SG). a1 shows the plateau regions which represents the stabilization in the strain-field 




Figure 5-8 Variation of the strain-field heterogeneity (δGL) with loading for the three rock 
specimens where: (a) Lyons sandstone (LS), (b) Barre granite (BG) and (c) Stanstead granite 
(SG). δGL was obtained at two gauge length: (1) GL of 1 mm; and (2) GL of 128 mm, which is 
the macroscopic specimen-scale. The δGL initially is constant (Stage I), then rises at a gentle rate 




Figure 5-9 The variation in the RVE length-scale with the evolution of damage in the three 




In this study, the stress-induced multi-scale spatial heterogeneity and the associated RVE 
length-scale of the strain-field for three types of rocks (LS, BG, and SG) were experimentally 
characterized. Prior studies on stress and strain heterogeneity in rocks under load have primarily 
utilized numerical approaches, and therefore experimental studies are essential to confirm these 
numerical findings. The full-field non-contact strain measurement approach of 2D-DIC was 
employed for evaluation of the development of strain-field heterogeneity in real-time across the 
surfaces of the rock specimens when subjected to uniaxial compressive loads. 2D-DIC was used 
because it allows for the study of the full-field deformation, which in turn facilitates multi-scale 
analysis. The statistical variations in the strain-fields of the three rocks at varying gauge lengths 
were also analyzed to determine the RVE length-scale with the ultimate goal of understanding 
how it varies as a function of load level.  
Based on the fact that extensile strain-induced damage is the primary deformation 
mechanism for brittle rocks, full-field maps of the minor principal strain (ε22) were analyzed to 
study stress-induced heterogeneity in the strain-fields of the rock specimens. The 2D-DIC full-
field strain maps of the three rocks qualitatively showed that the strain-field of the rock 
specimens becomes progressively more heterogeneous with increasing magnitude of the uniaxial 
compressive load. The progression of strain-field heterogeneity with uniaxial loading was 
calculated as the standard deviation in the full-field strain maps and was plotted with the 
corresponding mean strain values. The large standard deviation (strain-field heterogeneity) in the 
full-field strain maps confirmed that indeed there are regions in the volume of the rock 
specimens which are characterized by strains that are much higher in magnitude than the mean 
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strain-field acting on the specimen, and these regions can be the potential locations of damage 
initiation in the rock specimens. The most significant strain-field heterogeneity was observed 
close to the peak strength of the rock specimens. The results also showed that the strain-field 
heterogeneity is a function of the inherent heterogeneity of the rock specimens; in particular, 
grain size was found to be a major contributor to the degree of observed strain-field 
heterogeneity for each rock type. 
In analyzing the multi-scale behavior of the three rock types considered, it was found that 
the strain-field heterogeneity attenuates near-linearly in semi-log space as a function of the scale 
(GL) considered. The amplified strain-field heterogeneity at lower scales of measurement (small 
GL) is consistent with the prevailing model that the damage in rocks usually initiates at the local-
scale and then progresses to failure at the specimen-scale. The evolution of the strain-field 
heterogeneity (δGL) as a function of loading for the three rocks at the finest scale of measurement 
was found to be similar to the previously documented trends of evolution of crack-density and 
non-elastic tensile strains in uniaxially loaded rock specimens. The changes in the strain-field 
heterogeneity with loading were found to be associated with damage evolution in the rock 
specimens, and the points of change in the strain-field heterogeneity (δGL) trends were 
reasonably consistent with the CI and CD stress levels for the three rocks.   
The RVE length-scale for the three rock types was also calculated using the variations in 
the experimentally measured strain-field heterogeneity (δGL) as a function of the GL, and the 
evolution in the RVE length-scale with loading was also studied. It was observed that the RVE 
length-scale remains constant at low-load magnitude, but increases rapidly (in a step-like 
manner) and reaches the specimen-scale as the applied load on the specimens is increased. The 
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step-like jump in RVE length-scale was associated with the fact that above a certain stress-level, 
the strain-field heterogeneity begins to influence the global response of the material. It was also 
noted that the RVE length-scale, which characterizes the spatial heterogeneity of the strain-field, 
reached specimen-scale at stress levels well below the CD threshold for the two granites 
considered. It was inferred that the discrepancy between the stress at which RVE length-scale 
reaches the specimen-scale and the stress at which microcrack coalescence initiates (CD) can be 
an indicator of the microstructural heterogeneity of the rocks. 
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CHAPTER 6  
ILLUMINATION OF DAMAGE IN INTACT ROCK SPECIMENS BY ULTRASONIC WAVE 
TRANSMISSION AND REFLECTION 
This chapter has been submitted for publication in the Journal of Geophysical Research: Solid 
Earth (Shirole et al., 2019d).  
Deepanshu Shirole, Ahmadreza Hedayat, and Gabriel Walton 
6.1 Abstract 
In many natural and engineered structures made of brittle materials such as rock and 
concrete, access is limited to only one side for non-destructive evaluation of the structure. The 
ultrasonic wave reflection (R-mode) technique, which requires only one contact surface, can be 
employed for the ultrasonic evaluation of microscopic damage in such structures. Prior to 
practical application, however, it is imperative to study the observations and document the 
capabilities of such techniques in a controlled laboratory environment. R-mode linear ultrasonic 
testing (LUT) has been rarely employed in studying intact rock damage processes in a laboratory 
setting, with most of the studies utilizing a direct transmission (T-mode) approach or focusing on 
macroscopically fractured rock. Accordingly, in this chapter, T-mode and R-mode LUT have 
been applied concurrently for the evaluation and comparison of the capability of these two 
modes of LUT for monitoring the damage progression in uniaxially loaded prismatic intact rock 
specimens. The 2D-DIC (digital image correlation) full-field strain measurement approach was 
also used in-sync with the LUT monitoring to explicitly correlate the stress-induced damage in 
the specimens with the changes observed in the ultrasonic (T-mode and R-mode) waves. The 
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results show that both the T-mode and R-mode LUT approaches are sensitive to detect the 
evolution of tensile and shear damage in the specimens. R-mode LUT, in comparison to T-mode 
LUT, was also found to be more effective for the characterization of low levels of damage. 
6.2 Introduction 
In most engineered structures on or in rock, such as nuclear waste repositories, rock 
slopes, rock-based bridge abutments, dams, tunnels, caverns, and tunnel liners, only one side of 
the structure is accessible and available for non-destructive evaluation. The ultrasonic wave 
reflection (R-mode) technique, which requires one contact surface in comparison to the two 
contact surfaces required for ultrasonic wave transmission (T-mode), has been developed for the 
non-destructive evaluation of these rock-based structures (Trtnik et al., 2013). Even though R-
mode LUT is a practical approach for non-destructive evaluation of rock damage processes at the 
field-scale, most of the fundamental laboratory-based studies related to ultrasonic evaluation of 
intact rock damage processes are based on T-mode LUT. Consequently, in this study, the 
damage progression in uniaxially loaded prismatic intact rock specimens was monitored by 
concurrently applying the T-mode and R-mode LUT techniques. In-sync with the LUT 
procedure, the stress-induced changes in the strain-field of the rock specimens were also 
computed using the 2D digital image correlation (DIC) technique so as to explicitly correlate the 
changes in T-mode and R-mode waveforms with the damage in the specimens (Harnett et al., 
2018; Shirole et al., 2019a). 
The T-mode LUT approach involves sending an ultrasonic wave from a source transducer 
at one surface (surface 1) of the test specimen and receiving the transmitted signal by the 
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receiver transducers mounted on the other surface (surface 2) of the specimen (see Figure 6-1a). 
T-mode As discussed in Chapters 2 and 4, the LUT approach has been widely implemented as a 
tool for diagnosing the state of damage in various laboratory-based experimental studies (Jones, 
1952; Suaris and Fernando, 1987; Sayers et al., 1990; Pyrak-Nolte et al., 1990a,b; Scott et al., 
1993; Cai and Zhao, 2000; Zhao et al., 2006; Acosta-Colon et al., 2009; Hedayat et al., 2014b; 
Ghazvinian, 2015; Modiriasari et al., 2017; Gheibi and Hedayat, 2018; Hedayat et al., 2018; 
Barnhoorn et al., 2018; Yang et al., 2018; Shirole et al., 2019a). These studies concluded that the 
T-mode LUT attributes (amplitude, velocity, frequency) vary systematically as damage 
progresses in a material, which indicates the capability of the T-mode LUT approach to non-
destructively monitor the state of damage in various materials. Nonetheless, the T-mode LUT 
measurements are influenced by the distance between the source and receiver transducers, with 
short distances between the transducers reducing the reliability of the measured data due to the 
near-field effects and long distances between transducers (in combination with high wave 
frequencies) leading to difficulties in discriminating the onset of ultrasonic signals due to noise 
(Basu and Aydin, 2005; Trtnik and Gams, 2014). The other issue which impedes the practical 
(field-based) application of T-mode based LUT evaluation of damage is that it can only be 
performed when two sides of a material are accessible (Trtnik et al., 2013). To overcome these 
shortcomings of the T-mode LUT approach, the R-mode LUT approach was developed for 
ultrasonic material evaluation (Palmer et al., 1981). As shown in Figure 6-1b, the R-mode LUT 
approach relies on the reflected waves from interfaces (features like cracks, material boundaries, 
etc.) encountered in a medium. Transducers placed on one contact surface can act as both source 
and receiver of the ultrasonic waves, hence requiring only one contact surface for ultrasonic 




Figure 6-1 A simple schematic representation of the: (a) T-mode linear ultrasonic testing set-up; 
(b) R-mode linear ultrasonic testing set-up. T-mode requires two surfaces of a material while R-
mode evaluation can be carried out with the availability of one surface of the material only. 
The R-mode LUT approach has been applied over the years primarily for studying, non-
destructively, the processes related to the development of the early age compressive strength of 
cementitious materials such as cement paste, mortar and concrete (Mason et al., 1949; Stepišnik 
et al., 1981; Ozturk et al., 1999; Valič, 2000; Voigt et al., 2003, 2006; Trtnik et al., 2013). These 
studies showed that the compressional (P-) wave and shear (S-) wave ultrasonic reflection 
measurements are capable of non-destructively tracking the evolution of different physical 
processes such as setting time characteristics, rate of strength gain, chemical modifications, and 
changes in the viscoelastic properties in the hydrating cementitious materials. R-mode LUT has 
also been studied, both numerically and experimentally, in the context of the detection and 
characterization of defects (e.g. the geometry and spatial extent of corrosion induced damage or 
welding defects, etc.) in long annular structures (e.g. gas and oil pipelines) (Valle et al., 2001; 
Luo et al., 2006; Shivaraj et al., 2008; Wang et al., 2015; Howard and Cegla, 2017; Marcantonio 
et al., 2019). These studies showed that R-mode LUT is capable of detecting, with great 
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sensitivity, the presence and spatial extent of small defects that modify the geometry and 
material properties of these long annular structures. The transmission and reflection 
characteristics of the compressional waves across joint surfaces between metals, glass, polymer, 
and rubber have also been studied, with the conclusion that the amplitude and the phase of the T-
mode and R-mode ultrasonic waves propagating across these joints depend upon the joint 
stiffness, seismic impedance of the material and the wave frequency (Kendall and Tabor, 1971).  
R-mode LUT has great implications in the field of rock engineering, as it can be used for: 
(1) damage detection in critical rock engineering structures; (2) assessment of insufficient rebar 
and grout uniformity in grouted rock bolts; (3) evaluation of backfill grouting behind segmental 
linings in hard rock tunnels; and (4) passive detection of discontinuities and local features ahead 
of a tunnel face (Lee et al., 2009; Cui and Zou, 2012; Kravitz et al., 2019). However, R-mode 
LUT has seen limited study through fundamental laboratory-scale experiments, with most studies 
primarily focusing on models for simulating the wave-crack interaction processes (Schoenberg, 
1980; Angel and Achenbach, 1985; Sotiropoulos and Achenbach, 1988; Pyrak-Nolte et al., 
1990a,b; Mikata, 1995; Angel and Bolshakov, 1998). The R-mode of LUT was only recently 
implemented experimentally for continuously monitoring the dynamic processes associated with 
rock-joint frictional slipping phenomena (Hedayat, 2013; Hedayat and Walton, 2017; Hedayat et 
al., 2018). Hedayat (2013) and Hedayat and Walton (2017) noted that the reflected waves are 
capable of detecting damage in the joint-interface prior to failure. Palmer et al. (1981) used R-
mode LUT for evaluating the sensitivity of the reflected waves in detecting damage in an intact 
granite slab (0.9×0.9×0.3 m), in which the fractures were artificially induced. This study showed 
that R-mode LUT can efficiently facilitate fracture detection at the laboratory-scale, and 
recommended that it should also be utilized at the field-scale. Similarly, Modiriasari et al. (2017, 
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2018) used T-mode and R-mode LUT for monitoring the damage processes in pre-cracked rock 
specimens (with macroscopic flaws) damaged progressively under uniaxial loads. They 
concluded that the R-mode waves could be used to differentiate between shear and tensile 
damage processes, which is one of the limitations of directly transmitted waves. Modiriasari et 
al. (2015, 2017) also stated that R-mode LUT can be used to detect new damage and its spatial 
location in rocks. However, similar experimental studies on intact rock specimens have not been 
performed to establish whether these conclusions apply equally well to specimens with 
distributed (diffuse) micro-damage as they do to specimens with macroscopic fractures. 
Accordingly, in this study, T-mode and R-mode LUT have been concurrently implemented for 
monitoring the damage progression in intact rock (Stanstead granite, or “SG”) specimens under 
uniaxial loading conditions. In the studies conducted by Hedayat (2013) and Modiriasari et al. 
(2017), because of the presence of a major fracture in the wave propagation medium, the ray path 
and arrival time of the reflected waves could be estimated with relative ease. However, because 
of the absence of a major flaw in the case of intact rock specimens, precise estimation of the 
reflected wave arrival times becomes difficult, there may be multiple reflectors causing the 
resultant waveform to appear noisy (discussed in Section 6.3.2). In this study, a method based on 
the energy calculation of the transmitted and reflected ultrasonic waves has been proposed for 
monitoring the changes in the characteristics of the waves with damage evolution in the intact 
rock specimens.  
Numerous experimental studies have been performed employing ultrasonic 
measurements (e.g. velocity, attenuation) for qualitative characterization of microcrack evolution 
in laboratory‐scale intact rock specimens (Scott et al., 1993; Wulff et al., 1999; Couvreur et al., 
2001; Pellet and Fabre, 2007; Modiriasari et al., 2017; Shirole et al., 2017a; Barnhoorn et al., 
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2018; Harnett et al., 2018). A primary limitation of these aforementioned studies is the lack of 
explicit evidence while associating material damage with the changes in the characteristics of the 
T-mode and R-mode waves. Considering the increasing number of studies utilizing ultrasonic 
measurements for assessment of material damage, it is imperative to improve our understanding 
of the primary material deformation mechanisms (tensile or shear damage) that influence the T-
mode and R-mode wave behavior (Shirole et al., 2019a). To achieve this goal, the 2D-DIC 
technique can be implemented, as it can provide strain-fields on the surface  of the loaded rock 
specimen in minor time increments, and without contacting the specimen (Sutton et al., 2009; 
Bourcier et al., 2013; Song et al., 2013). Consequently, the 2D-DIC technique has been 
employed in combination with ultrasonic monitoring to continuously track changes in T-mode 
and R-mode wave energies along with the development of strains across the surface of the intact 
SG specimens loaded under uniaxial conditions.  
As discussed in Chapter 2, the ultimate failure of intact rocks is a progressive process,  
preceded by the formation, growth, and coalescence of microcracks, at different stages of the 
loading process (Brace et al., 1966; Bieniawski, 1967a,b). Modiriasari et al. (2017, 2018) also 
concluded that the transmitted and reflected waves are capable of differentiating damage related 
to different deformation mechanisms (e.g. tensile and shear damage). To further validate this 
observation, and to study the sensitivity of the transmitted (T-mode) and reflected (R-mode) 
waves to image the different damage process in the rock specimens, the changes in the 
correlation between the T-mode and R-mode wave energies at different stages of deformation 
have also been analyzed in this study.  
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6.3 Experimental Study 
6.3.1 Material and testing procedure 
This study on the characterization of damage processes using T-mode and R-mode LUT 
was performed on intact Stanstead Granite (SG) rock specimens (see Figure 5-1c). SG is an 
extensively studied rock of Devonian age found in the Beebe region of Quebec, Canada (Nasseri 
and Mohanty, 2008). The physical and mechanical properties of SG have previously been 
presented in Section 5-1. For the experiments, three geometrically similar prismatic specimens of 
SG (150 mm long, 75 mm wide, and 25 mm thick; Figure 5-1)) were prepared by following the 
procedures and guidelines as stated in Chapter 2 and Chapter 4. For presentation of the 
experimental results, the tested specimens are labelled as SG-1, SG-2, and SG-3.  
A computer-controlled servo-hydraulic loading machine, as discussed in Section 2.3, was 
employed for loading the specimens in uniaxial conditions at a rate of 2 μm/sec (Figure 2-5) by 
advancing platens against the specimens. LVDTs were employed for recording the overall axial 
deformation of the rock specimens. As shown in Figure 6-2a, the 2D-DIC and the LUT 
procedures (both T-mode and R-mode) were simultaneously implemented on each of the 
specimens for the non-destructive evaluation of damage evolution at increasing levels of stress 
through the image correlation procedure and by the ultrasonic measurements. 
The fundamentals of the 2D-DIC procedure along with the experimental procedure as 




Figure 6-2 (a) The schematic of the experimental set-up used for simultaneously monitoring the 
progression of damage in the rock specimens using the 2D-DIC and the LUT procedures; (a1) 
2D‐DIC set-up for in‐plane full‐field measurement of the strain-field, viewed perpendicular to 
the camera axis; (a2) Speckled face of the prismatic specimen as viewed coaxially to the camera 
axis, along with the location of the ultrasonic transducer pair on the specimen, denoted as the 
Ultrasonic Imaging Area (UIA). (b) Schematic showing the role of pulse generator and switch-
box for triggering the direct transmission (T-mode) and reflection (R-mode) mode of the 
ultrasonic monitoring system. T-mode is activated when the red-switch of the switch box is on, 
while R-mode is triggered when the green switch of the switch-box is on. In the R-mode, the 




6.3.2 Linear ultrasonic testing (LUT) set-up and waveform analysis 
As the specimens were uniaxially loaded, LUT measurements were carried out at the 
mid-height of the specimen in-sync with the 2D-DIC procedure (Figure 6-2a). The location of 
the ultrasonic source and receiver array (ultrasonic imaging area, (UIA)) along the longitudinal 
axis of the specimen is shown in Figure 6-2b. Compressional P-wave ultrasonic pulses were 
transmitted and reflected through the specimens, for which Videoscan longitudinal wave 
transducers (V-103; diameter of 13 mm and central frequency of 1 MHz) from Olympus NDT, 
Inc. were used. A fast LabVIEW‐controlled ultrasonic system was used to digitize and acquire 
the T-mode and R-mode ultrasonic waveforms (details have been given in Sections 2.3 and 4.4). 
For R-mode LUT, the source transducer acted as both the source and receiver of the reflected 
ultrasonic waves, whereas in T-mode, the source and receiver transducers performed as the 
source and receiver of the transmitted ultrasonic waves, respectively (Figure 6-2b). A custom 
switch box, as shown in Figure 6-2b, facilitated the switching from T-mode LUT (when the red 
switch is on, Figure 6-2b) to R-mode LUT (when the green switch is on). A LabVIEW program 
was written for automation of the whole process of the switching from T-mode to R-mode and 
for continuous acquisition of the T-mode and R-mode waveforms.  
The particulars of the set-up used for the assembly of the ultrasonic transducers on the 
rock specimens, and of the coupling used for overcoming the issues related to seismic impedance 
mismatch have been described in Sections 2.3 and 4.4.  
Following the honey-coupling period (see Section 2.3), the SG specimens were uniaxially 
loaded, and the full T-mode and R-mode ultrasonic signals were acquired near-continuously at 1 
189 
 
Hz frequency using the LabVIEW-controlled data acquisition system in-sync with the 2D-DIC 
procedure. 
Figure 6-3 shows the T-mode and R-mode ultrasonic signals as obtained from the 
specimen SG-1 under the stress-free (no load) condition. An examination of these signals reveals 
that the T-mode signal has a higher signal-to-noise ratio with a distinct wave arrival at 23 μs 
(Figure 6-3a). In contrast, the R-mode signal does not show any clear indication of a discrete 
wave arrival (Figure 6-3b), which is consistent with the conclusions of Palmer et al. (1981) and 
Achenbach and Zhang (1990) that R-mode waves tend to have a complicated pattern. This can be 
associated with the fact that the ‘intact’ rock specimens were devoid of major interfaces (e.g. 
fracture, crack, joint) which can act as major wave reflectors. 
 
Figure 6-3 Typical compressional ultrasonic signals obtained from specimen SG-1 under stress-
free condition, where: (a) directly transmitted (T-mode) ultrasonic signal; and (b) reflected (R-
mode) ultrasonic signal. 
190 
 
Hedayat (2013) and Hedayat et al. (2018) used the known location of a rock-joint 
interface (acting as a major reflector) to compute the arrival time of the reflected component of 
the ultrasonic signals based on the assumed wave velocity for the rock specimen. This procedure 
is difficult to apply in this study, due to the absence of a major crack feature. Consequently, a 
time-frequency analysis involving the continuous wavelet transformation (CWT) has been 
employed as signal complexities are resolved through this procedure (Cohen, 2019); a similar 
procedure was employed by Abell (2015), Modiriasari (2017), and Modiriasari et al. (2017, 
2018) for R-mode wave analysis. CWT can be conceptualized as a “template-matching” 
procedure, in which each time point in the original time-domain signal is compared against a 
template (wavelet) (Cohen, 2019). This results in a time series of frequency spectra, which 
facilitates improved temporal and spectral precision in the analysis of waveforms (Cohen, 2019). 
In this study, Morlet wavelet analysis was performed on the entire collected waveform signal 
because it provides better temporal resolution and is more computationally efficient (Cohen, 
2019). The T-mode signals were also analyzed using the wavelet analysis for consistency. 
Figure 6-4a shows example spectrograms obtained from the wavelet analysis. The 
spectrogram for the T-mode shows a distinct concentration in the wave amplitude (energy) 
around 0.38 MHz (23 μs), whereas the spectrogram of the R-mode signal shows that the wave 
amplitude is scattered over a range of frequencies with no distinct concentration in the wave 
amplitude, which makes estimation of a discrete R-mode wave arrival time difficult. 
Accordingly, Modiriasari (2017) and Modiriasari et al. (2018) recommended to analyze the 
reflected (R-mode) ultrasonic signals at a fixed frequency corresponding to the dominant 
frequency of the transmitted (T-mode) ultrasonic signal. However, analysis of ultrasonic signals 
at a particular frequency can lead to some subjectivity in the analysis, as it is a well-established 
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fact that the ability of ultrasonic signals to characterize damage in a medium is frequency-
dependent (Basu and Aydin, 2005; Modiriasari et al., 2015). This can be observed in Figure 6-
4b, which shows that for both the T-mode and R-mode signals, the waveforms vary significantly 
as the frequency is changed. Similarly, the variation in the amplitude of signals during the 
loading process differs considerably when the main frequency at which the signal analysis is 
performed varies (Figure 6-4c); this further corroborates that the sensitivity of LUT to damage is 
a frequency-dependent phenomenon. Accordingly, in this study, the T-mode and R-mode signals 
have not been analyzed at a constant frequency.  
For wave analysis, the frequency spectra of the T-mode and R-mode signals were 
computed following the wavelet analysis. The spectral-amplitude was calculated based on the 
area under the time-domain signals over the full recording period at each of the frequencies, as 
shown for the waveforms in Figure 6-4b, following the procedure of Moradi-Marani et al. (2014) 
and Shirole et al. (2018). Figure 6-5 shows profiles of the frequency spectra of the ultrasonic 
signals prepared through the above-described procedure, and from it, the effect of damage on the 
frequency spectrum can be visually appreciated. The shape of the frequency spectrum of the T-
mode signals (Figure 6-5a), and the effect of damage on the frequency spectrum is consistent 
with the observations of Pyrak-Nolte et al. (1990a,b), Zhao et al. (2006) and Hedayat et al. 
(2018). The peak of the spectral amplitude of the T-mode signals is significantly attenuated with 
the evolution of damage in the specimen (Figure 6-5a; compare the signal at 5% of UCS with the 
signal at the UCS of the specimen). The profile of the frequency spectrum of the R-mode signals 
is less consistent when compared with that of the T-mode signals (compare Figure 6-5a and 6-
5b). The R-mode frequency spectrum shows that the spectral-amplitudes of the reflected signals 
increase as damage progresses in the specimen. To capture the trends in the ultrasonic 
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measurements across a wide range of frequencies, the area under the frequency spectrum curves 
was calculated, which is representative of the total energy of the T-mode and R-mode signals. 
The results associated with the energy of the T-mode and R-mode ultrasonic waves are presented 
in section 6.4.4. 
6.4 Results and Discussion 
6.4.1 Evaluation of the 2D-DIC measurements 
The digital images acquired during the uniaxial loading experiments were correlated 
using the VIC-2D image correlation software. The input parameters (subset-size and step-size) as 
employed for the analysis have been specified in Section 4.5. Based on the fixed size of the CCD 
camera array (2448×2048 pixels), and the fixed field of view (specimen surface of 150×75 mm2; 
see Figure 4-4a), a constant magnification factor of M=103 µm/pixel was established.  
The accuracy of the 2D-DIC measurements was evaluated by comparing the magnitude 
of the axial strain-field measured through the 2D-DIC procedure with the specimen-scale axial 
strain magnitude measured by the conventional LVDT system (for details, see Section 4.5). From 
Figure 6-6a, it is clear that the 2D-DIC strain measurements are consistent with the LVDT 
measurements, which validates the accuracy of the 2D-DIC design for this set of experiments. 
For a comprehensive evaluation, the slopes of the percent failure stress-axial strain plots at 50% 
of failure load obtained through the 2D-DIC and LVDT methods were also estimated (similarly 
to Section 4.5.1) (Shirole et al., 2019a). Table 6-1 shows that the percentage difference in the 
slopes calculated by the two techniques of strain measurement is below 10%, which is consistent 




Figure 6-4 (a) Spectrograms showing the frequency-time plots of the ultrasonic signals under 
zero stress condition as analyzed using the wavelet analysis for SG-1; (b) ultrasonic waveforms 
at different frequencies obtained from the wavelet analysis; (c) variation in the amplitude with 




Figure 6-5 Comparison of frequency-spectral amplitude spectrum of the ultrasonic signals at 
different magnitudes of the uniaxial stress for specimen SG-1. 
As the 2D-DIC strain measurements (axial strain, εyy, and lateral strain, εxx) were found 
to be reliable, they (2D-DIC obtained) were employed for the estimation of the crack initiation 
(CI) and crack damage (CD) thresholds of the SG specimens. 2D-DIC has already shown to be 
capable of facilitating the estimation of tensile elastic modulus and Poisson’s ratio of bi-modular 
crystalline rocks (Patel and Martin, 2018a,b), and therefore can also be used for CI and CD 
threshold estimation. The stress-strain plot for specimen SG-1 is shown in Figure 6-6b, which 
also shows the crack volumetric strain plot and the instantaneous tangent modulus plot. As 
shown in Figure 6-6b, CI is identified as the stress corresponding to the point of inflection in the 
crack volumetric strain plot (Ghazvinian, 2015). As given in Table 6-2, CI threshold values for 
the SG specimens lie in the range of 38%-41% of the UCS, which is similar to the findings of 
Ghazvinian (2015) and is also consistent with the fact that the CI occurs at approximately 30%-
50% of the UCS for crystalline rocks (Cai et al., 2004; Nicksiar and Martin, 2013). For 
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calculation of the CD threshold, the stress corresponding to the onset of the decrease in the 
elastic modulus of the rock was estimated through the instantaneous tangent modulus curve, 
following the work of Diederichs (2003) and Ghazvinian (2015). The CD threshold of SG 
specimens varied between 78%-85% of UCS (Table 6-2) and is consistent with the findings of 
Ghazvinian (2015), who reported the CD threshold to vary between 75%-91% of UCS. 
 
Figure 6-6 (a) Comparison of the percent failure stress‐axial strain plots obtained from the LVDT 
and the 2D‐DIC measurements respectively, for the three specimens. (b) Stress-strain plot for the 
specimen SG-1, where: (b1) Variation in the crack volumetric strain curve with loading shown 




Table 6-1 Comparison of the slopes of the percent failure-axial strain plots obtained from the 
2D-DIC and LVDT measurements at 50% of the failure stress. This procedure is similar to the 
procedure followed by Shirole et al. (2019a). 
Specimen 
Slope (×104) Percentage Difference (%)  
(DICSlope - LVDTSlope)*100/DICSlope LVDT DIC 
SG-1 0.036  0.038 5.2 
SG-2 0.035 0.036 2.8 
SG-3 0.035 0.038 7.8 
Table 6-2 CI and CD thresholds of the uniaxially loaded rock specimens estimated through the 
strain computed by the 2D-DIC procedure. 
Specimen CI (% of UCS) CD (% of UCS) UCS (MPa) 
SG-1 41  79 131 
SG-2 38 85 138 
SG-3 39 83 143 
6.4.2 2D-DIC full-field strain measurements under uniaxial loading 
Figure 6-7 shows the full-field map of the minor principal strain (ε22; negative (-) strains 
represent tension) for specimen SG-1 at increasing levels of stress analyzed through the 2D-DIC 
analysis procedure. Strain-fields have been used for damage characterization because strains (and 
not displacements) provide a better representation of active damage mechanisms (Dautriat et al. 
2011). The dominant orientation of the minor principal strain (ε22) is along the lateral axis of the 
specimen, as due to Poisson’s effect material expands in a direction perpendicular to the 
direction of the uniaxial loading (major principal strain direction). As cracks generally grow in a 
direction perpendicular to the principal tensile field, the map of ε22 strain-field shows a series of 
primarily sub-vertical strain concentration features parallel to the long axis of the specimens 
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(Figure 6-7). This observation (sub-vertical strain concentration features) is consistent with the 
fact that the processes of damage initiation and accumulation in rocks are primarily dominated 
by tensile mechanisms, even when rocks are macroscopically subjected to a compressive field, as 
microstructural heterogeneity present in rock generates local tensile fields. As rocks are weak in 
tension, nucleation of local tensile damage occurs in the rock’s microstructure (Diederichs, 1999, 
2003; Guang Liu et al., 2018). The damage, represented as strain localization in the ε22 strain-
field, increases as the magnitude of the applied load on the specimen is increased (Figure 6-7; 
compare strain-field at different levels of loading). At higher levels of load (50% to 90% of 
UCS), the ε22 strain map shows regions of tensile strains whose spatial distribution is more 
heterogeneous when compared with the relatively more homogeneous spatial distribution of ε22 
strain features at lower levels of load (25% of UCS). The strain-field also shows crack 
coalescence at a stress magnitude equal to 90% of UCS, which progresses to form a discrete 
failure plane at the UCS of the specimen. It can be concluded that the heterogeneity in the strain-
field amplifies with damage evolution. The proliferation in the spatial heterogeneity of the ε22 
strain-field with increased loading is consistent with the brittle rock stress heterogeneity trends 
proposed by Diederichs (2003) and the findings of Guo et al. (2017). 
Based on the fact that tensile strain-induced damage is the primary deformation 
mechanism for brittle rocks, the ε22 minor principal (tensile) strain-field was analyzed for an 
explicit analysis of the effect of the microcracking process on the T-mode and R-mode LUT 
signatures (Wulff et al., 1999; Diederichs, 1999; Ferrero et al., 2008; Lan et al., 2010; Walton, 
2014; Shirole et al., 2019a). Subsequently, to evaluate the intensity of tensile strain in the 
specimens (Figure 6-7), a total apparent tensile (AT) strain (εTAT), similar to the strain metrics 
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proposed by Mazars (1986), and Song et al. (2013), and following the recent work of Shirole et 







    (6-1) 
where, ε22 is the minor principal strain at the ‘n’ (n=32000) number of DIC grid points in the 
specimen, and ⟨•⟩ indicates the calculation of the negative part (tensile component) of the 
argument only. The total (T) apparent tensile strain (εTAT) facilitates the computation of the 
tensile strains only, which is the dominant cause of failure in rocks. Figure 6-8 shows the 
variation in the normalized total apparent tensile strain (εTAT) with increasing levels of loading in 
the three rock specimens (the εTAT values are normalized with respect to the minimum εTAT 
magnitude attained during a test). The trend of εTAT with loading is consistent with the evolution 
of crack density in rock specimens with increasing levels of damage, as observed by Wulff et al., 
(1999) and Harnett et al. (2018). Figure 6-8 shows that initially, at low levels of loading (0-40% 
of UCS), the magnitude of εTAT in the UIA region reduces for all the specimens. This initial 
decrease in the εTAT magnitude can be associated with material hardening processes due to the 
rearrangement of the internal grain structure of the rock, which can lead to a reduction in the 
existence of local tensile fields (Nicksiar and Martin, 2012; Bogusz and Bukowska, 2015; 
Shirole et al., 2018a,b). With increasing load magnitude (40%-75% of UCS), an increase in the 
εTAT magnitude can be observed as shown in Figure 6-8, which is consistent with the CI 
threshold of SG (CI of SG varies between 38% to 41% of the UCS). The gradual growth in the 
εTAT magnitude between 40%-75% of UCS can be associated with the increase in regions with 
increased tensile strain magnitude in the rock volume above the CI threshold (Lan et al., 2010; 
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Ghazvinian, 2015); this can be confirmed from Figure 6-7 (see the strain-field above 40% of 
UCS). As the loading on the specimens was increased further (80% of UCS and above), an 
accelerated increase in the εTAT magnitude was observed (Figure 6-8). This significant growth in 
εTAT can be associated with intensification in the tensile strain intensity due to the crack 
coalescence (CD of SG varies from 78% to 85% of the UCS) phenomenon in the specimens 
(Walton, 2014). 
 
Figure 6-7 Full-field profile of the minor (ε22) principal strain obtained by 2D-DIC at different 
stress levels for the specimen SG-1. Positive (+) and negative (-) strains represent compression 




Figure 6-8 Variation of the total apparent tension εTAT as a function of loading for the rock 
specimens SG‐1, SG‐2, and SG‐3 at the UIA location. 
Laboratory observations and numerical models have revealed that beyond the CD 
threshold, the tensile strain-induced microcracks present in the rock volume begin to interact, 
causing shear strain-induced microcracks to begin to dominate the rock damage process 
(Diederichs, 2003, 2007; Farahmand and Diederichs, 2015; Gao et al., 2016; Katz and Reches, 
2004; Peng et al., 2017). Consequently, it is necessary to evaluate the sensitivity of the T-mode 
and R-mode ultrasonic waves to differentiate between the tensile and shear damage mechanisms. 
Based on the work of Zhao et al. (2018), who analyzed the 2D-DIC nominal shear strain (εxy) 
field for characterization of the shear damage zone in rocks, the total apparent shear strain (εTAS) 






    (6-2) 
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In Equation 6-2, εxy denotes the nominal shear strain at the ‘n’ DIC grid points across the 
specimen surface. The total (T) apparent shear strain (εTAS) is used as a metric for analyzing the 
progression of shear-induced damage in the rock specimens (Zhao et al., 2018). Figure 6-9 
shows the variation in εTAS with increasing levels of loading in the three rock specimens. It can 
be observed that εTAS is relatively constant with no significant increase up to about ~50% of the 
UCS. However, between 60% to 80% of UCS (SDI range in Figure 6-9), εTAS starts to show a 
distinct rise in its magnitude as the load is increased, as marked by a range of stress which is 
termed here as the shear damage initiation (SDI) threshold (the exact threshold varies among 
specimens and that is why a range of stress indicating SDI is shown; the specific SDI values for 
individual specimen is given in Table B-6). This observation can also be verified by examination 
of Figure 6-10, which shows the evolution of the full-field nominal (εxy) shear strain at different 
stress levels. It shows that the shear strain-field is relatively unchanged, some fluctuations, 
without any significant changes in the shear strain intensity pattern up to about 50% of the UCS, 
which is consistent with the relatively constant εTAS magnitude in the same stress regime (Figure 
6-9). As the load is increased further, the shear strain intensity starts to increase, which is marked 
by relatively large blue regions on the specimen surface at 75% of UCS, consistent with the 
increase in the εTAS magnitude around the same stress level (see SDI region in Figure 6-9).   
The high stress magnitude of the SDI threshold is an experimental validation of the 
observations of several other studies that found that shear-induced damage becomes dominant 
only close to the CD (~78% to 85% of the UCS) stress threshold of the specimens (Diederichs, 
2003, 2007; Bahrani et al., 2014; Farahmand and Diederichs, 2015; Ghazvinian, 2015; Gao et al., 
2016). Generally, CD is considered to be the stress at which shear-induced damage initiates in 
rock specimens (Farahmand and Diederichs 2015), meaning that the SDI (shear damage 
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initiation) and CD threshold would be expected to be identical. However, as found in the present 
study, the SDI and the CD stress threshold show a discrepancy. This discrepancy is consistent 
with the experimental observations of Chang and Lee (2004) and the numerical results of Gao et 
al. (2016) and Peng et al. (2017), who observed that shear damage initiates prior to the CD stress 
threshold. Shah and Labuzv (1995) and Chang and Lee (2004) attributed this discrepancy to two 
factors: (1) the progressive nature of the crack interaction process in the rock microstructure, and 
(2) the fact that the shear stress acts on oblique (sub-parallel) crack planes existing in the rock 
volume, which contributes to the amplification of the shear-induced damage in rocks before the 
CD threshold. With further increase in the stress level (close to ~95% of UCS; as shown by the 
SDC region in Figure 6-9; refer to Table B-6 for specific values), the εTAS magnitude shows an 
accelerated increase, which is indicated by what is termed as the shear damage coalescence 
(SDC) threshold (Table B-6). This accelerated increase in the εTAS magnitude can be associated 
with the damage processes leading to formation of discrete fracture plane close to the UCS of the 
rock specimens, and is consistent with the results of Farahmand and Diederichs (2015). The 
evidence of this sharp increase in εTAS magnitude close to the UCS is also facilitated by Figure 6-
10, which shows an increase in the intensity of shear strain close to the UCS, and which 
consequently could have caused an increase in the εTAS magnitude close to the UCS. 
6.4.3 T-mode and R-mode LUT measurements with uniaxial loading 
Figure 6-11 shows the variation in the energy of the T-mode and R-mode ultrasonic 
signals with increasing levels of uniaxial loading. The energy of the T-mode waves was 
normalized with respect to the maximum transmission energy obtained during the test, while the 
energy of the R-mode waves was normalized with respect to the minimum reflection energy 
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acquired during the test. Figure 6-11a shows that the changes in the T-mode energy with loading 
follow a relatively consistent trend for all the specimens (SG-1 to SG-3). At initial stages of 
loading (up to 40% of UCS) the T-mode energy increases, which is consistent with the findings 
of Barnhoorn et al. (2018). This increase in the T-mode energy can be associated with material 
hardening (closure of micro-defects, pore-space collapse and finite elastic compression of the 
grains) at initial stages of loading, which increases the contact area between the grains of the 
rocks, resulting in an increase in T-mode transmission (Gheibi and Hedayat, 2018; Shirole et al., 
2019a). As the load on the specimens is increased further (40% to 80% of the UCS), the T-mode 
energy begins to attenuate, which can be associated with the formation and initiation of 
microcracks in the rock volume, which is further supported by the CI (38% to 41% of UCS) 
threshold of SG at which microcracks start to form in the rock volume. The T-mode energy 
attenuates at an accelerated rate as the load on the specimens is raised beyond 80% of the UCS. 
This accelerated reduction in the energy beyond 80% of the UCS can be associated with the 
changes in the rock volume near SDI and CD, which is caused by the creation of additional crack 
space (absolute dilatancy) causing a drastic increase in the rate of attenuation of the T-mode 
energy.  
Figure 6-11b shows changes in the energy of the R-mode ultrasonic waves as a function 
of loading for the three rock specimens. At the initial stages of the applied load (up to 40% of 
UCS), the changes in the R-mode energy are inconsistent and apparently unpredictable. A 
possible explanation of this inconsistency could be associated with the absence of a major flaw 
in the rock specimens, as this means most of the reflected wave energy sensed by the receiver 
transducer is reflecting incoherently from the specimen boundaries. With increasing load 
magnitude (above 40% of UCS), the trend in the R-mode energy becomes consistent, and shows 
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an increase in the R-mode energy with loading for the three specimens. The R-mode energy 
distinctly shows the start of this increase at 40% of the UCS for the three specimens, which could 
be associated with the nucleation of microcracks in the rock volume (consistent with the CI of 
the rock specimens). The  microcracking process that occurs immediately following CI is 
associated with tensile strains, which causes dilatancy in the rock volume, and this dilatancy 
(crack opening) causes amplification in the energy of the reflected ultrasonic waves close to CI 
threshold. With further loading of the specimens (40% to 90% of UCS), the R-mode energy 
increases at a steady rate, and it can also be noticed that the R-mode energy does not show any 
considerable change at the CD (78% to 85% of UCS) stage of the rock specimens. Above the CI 
stage, microcracks accumulate consistently across the rock volume; which explains the 
consistent increase in the R-mode energy above CI (Aggelis and Shiotani, 2007; Diederichs, 
2007; Ghazvinian, 2015). Ultimately, these results prove that the R-mode ultrasonic waves are 
indeed sensitive to the evolution of damage in intact rock specimens. The results also show that 
the changes in the R-mode waves are comparable to the changes observed in the T-mode waves 
during the uniaxial loading experiments (both T-mode and R-mode waves show around 80% 
change after CI~40% of UCS). This again proves that the R-mode waves can be utilized for 
damage detection in laboratory-scale experiments. To the best of the knowledge of the authors, 
this is the only study that evaluates the changes in R-mode energy as a function of stress-induced 
damage evolution in intact rock specimens. 
The author noted during the analysis of the R-mode ultrasonic waveforms at UIA-1, UIA-
2, and UIA-3 regions of the specimens that the R-mode waves at the UIA-1 and UIA-3 regions 
are dominantly influenced by the wave reflection occurring at the specimen boundaries (refer to 
Figure 4-3a). This can be due to the shorter distance (40 mm) of UIA-1 and UIA-3 regions from 
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the top and bottom specimen boundaries, respectively, in comparison to the distance (75 mm) of 
the UIA-2 region from the specimen boundaries (Figure 4-3a). Accordingly, the R-mode waves 
at UIA-1 and UIA-3 may not be representative of the state of damage in the rock volume; this 
hypothesis is further corroborated by the inconsistent and unpredictable changes in R-mode wave 
energy at the UIA-1 and UIA-3 regions at different stages of loading, which are significantly 
different than the consistent changes shown by the R-mode waves at the UIA-2 (compare Figure 
B-1 and Figure 6-11). Consequently, the ultrasonic R-mode waves were analyzed only at the 
UIA-2 region, which has been for simplicity termed as “UIA” in this chapter (Figure 6-2a).  
The author believes that for a comprehensive analysis of damage evolution in the rock 
volume, the reflected ultrasonic waves could be received at multiple locations along the 
specimen surface (e.g. similar to field-scale seismic reflection surveys). With that being said, the 
scope of this work is limited to the application of a single transmitter-receiver configuration, 
given that, this is the first study which employs reflected ultrasonic waves for damage 
monitoring in intact rock specimens. 
6.4.4 Explicit correlation of the T-mode and R-mode ultrasonic changes with rock 
damage 
In order to explicitly confirm the primary damage mechanisms responsible for the 
changes in the T-mode and R-mode ultrasonic wave energies, the energy of the ultrasonic waves 
is plotted with the calculated tensile strain and shear strain damage indices at different stages of 
loading for specimen SG-2, as shown in Figure 6-12 (similar observations were obtained for 
specimens SG-1 and SG-3; provided as supplementary material). Figure 6-12 shows that below 
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CI, the T-mode and R-mode energy both have inconsistent non-linear correlations with both εTAT 
and εTAS. This inconsistent correlation of the wave energy (below CI) can be attributed to the fact 
that the T-mode and R-mode wave behavior is strongly influenced by the presence of cracks in 
the wave medium, and stable, consistent microcrack growth initiates only above the CI threshold 
in rock specimens (Meglis et al., 1996; Diederichs, 1999; Cai et al., 2004; Shriole et al., 2019). 
The inconsistent non-linear relationship up to the CI threshold can also be associated with the 
fact that the LUT testing approach has a low degree of sensitivity to detect changes in a material 
medium at low levels of damage (Shirole et al., 2018a,b).  
 
Figure 6-9 Variation of the total apparent shear strain εTAS as a function of loading for the rock 
specimens SG‐1, SG‐2, and SG‐3. The stress-range corresponding to the shear damage initiation 




Figure 6-10 Full-field profile of the nominal (εxy) shear strain obtained by the 2D-DIC procedure 
at different stress levels for the specimen SG-1. 
The mechanisms of damage associated with the changes induced in the T-mode and R-
mode wave energies become noticeable when the ultrasonic wave energy is correlated with the 
total apparent tensile strain (εTAT) and the total apparent shear strain (εTAS). Figure 6-12 shows 
that the trends are consistent above the CI threshold for both the T-mode and R-mode waves; 
specifically, the ultrasonic T-mode energy reduces while the R-mode energy increases, as the 
intensity of tensile strain (εTAT)  intensifies in the rock volume (see the yellow, purple and light 
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blue lines in Figure 6-12a and Figure 6-12c). The increase in the T-mode energy with the 
increase in the εTAT magnitude is consistent with the findings of Shirole et al. (2019) who found 
near‐linear correlation between amplitude attenuation and tensile strain-induced damage 
progression in rock specimens. Similarly, Liu et al. (2017) found that the presence of damage 
attenuates the energy of T-mode ultrasonic waves, and that the dissipation of the ultrasonic 
energy grows near-linearly with the damage evolution, consistent with the correlations shown in 
Figure 6-12a. As purely tensile strain-induced damage features have displacement discontinuity 
vectors perpendicular to the crack surface, they induce opening in the material medium (Ohtsu, 
1991). The εTAT magnitude is representative of this opening in the material, and as the T-mode 
transmission is primarily influenced by crack opening in the material, the changes in the T-mode 
energy follows a near-linear and most direct correlation with εTAT. 
Figure 6-12c shows that the R-mode energy increases with increasing tensile strain 
intensity (εTAT) (above the CI threshold), which is similar to the observations of Modiriasari et al. 
(2017), who found that the reflected wave amplitude increases as damage increases in the 
specimens. The increase in the R-mode energy with εTAT can be associated with the evolution of 
damage features in the rock medium. These damage features can act as reflectors, and their 
growth (increasing εTAT) can lead to increased reflection of the wave energy at multiple locations 
across the specimen volume, subsequently causing the R-mode energy to increase with εTAT. 
These observations are an experimental confirmation of the analytical model based finding of 
Achenbach and Zhang (1990), who also observed lower levels of wave transmission (T-mode) 
and higher levels of wave reflection (R-mode) with an increase in the number of open cracks 




Figure 6-11 Variation of energy of the ultrasonic waves as a function of loading for the rock 
specimens SG‐1, SG ‐2, and SG ‐3 at the UIA for: (a) T-mode (transmission), and (b) R-mode 
(reflection). 
Figure 6-12 also shows the correlation of the T-mode and R-mode energies with the 
increasing shear-induced damage in the rock specimens (εTAS) (Figure 6-12b,d). Figure 6-12b 
shows that the T-mode energy attenuation follows a non-linear correlation with the evolution of 
shear damage (εTAS) in the specimens; with the T-mode energy attenuating with increasing εTAS 
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magnitude, although not in a linear manner (Figure 6-12b). This suggests that the T-mode energy 
is more directly associated with the progression of tensile strain-induced damage (εTAT)  in the 
specimens in comparison to the indirect relationship T-mode energy has with the shear strain-
induced damage (εTAS). Figure 6-12d shows that the R-mode wave energy grows with increasing 
shear damage (εTAS) in the specimens, similar to the trend of R-mode energy as a function of εTAT 
as shown in Figure 6-12c. The relationship of the R-mode wave energy with εTAS (and also with 
εTAT; see Figure 6-12c ) is tri-linear in nature, with the R-mode wave energy rising at different 
rates at different stages (CI to CD, CD to SDC, and SDC to UCS) of damage in the specimens. 
The tri-linear relationship of the R-mode wave energy with damage (both tensile and shear) can 
be associated with the processes of damage evolution in the rocks specimens, with microcracks 
accumulating between CI to CD in the rock volume followed by the crack coalescing processes 
(CD to UCS) (Ghazvinian, 2015). Although, further research is being currently conducted for 
further analysis of this. 
Additionally, Between the SDC threshold (~90 to 95% of UCS) and UCS of the 
specimen, the R-mode energy shows a drastic reduction in the rate at which it grows as a 
function of εTAT and εTAS, respectively (Figure 6-12c and 6-12d). This reduction in the R-mode 
energy is consistent with the findings of Modiriasari et al. (2015, 2017, 2018), who observed the 
amplitude of R-mode waves to reduce after the crack coalescence stage. 
These observations from Figure 6-12 suggests that the R-mode wave energy increases in 
a more direct manner (above the CI threshold) with the evolution of both tensile damage and 
shear damage in the rock specimens, which consistent with the findings of Modiriasari et al. 
(2015, 2017, 2018) that the R-mode ultrasonic waves are influenced both by the tensile damage 
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and shear damage in rocks (see Figure 6-12c and 6-12d). The results also show that the T-mode 
waves are affected both by the progression of tensile and shear damage in the specimens. As 
shear damage (εTAS) features have displacement discontinuity vectors parallel to the crack 
surface, they do not normally correspond to significant crack opening in the material medium 
(Ohno and Ohtsu, 2010); this causes the T-mode transmission to show a non-linear and indirect 
relationship with the evolution of εTAS, as T-mode energy is primarily influenced by crack 
opening in the material. 
6.4.5 Correlation between T-mode and R-mode energy at different stages of damage 
The T-mode energy has been correlated with the R-mode energy throughout the load 
history of the specimens as shown in Figure 6-13 (in Figure 6-13, the energies of the T-mode and 
R-mode waves were normalized with respect to the maximum transmission and reflection energy 
obtained during the test). Figure 6-13 shows that at the initial stages of loading (up to the CI 
threshold), the T-mode and R-mode energy show an approximate non-linear inverse correlation. 
This can be explained based on the fact that the material hardening effect below CI increases the 
T-mode energy and correspondingly leads to a reduction in the R-mode energy. At the CI 
threshold (marked by the green circle), the R-mode energy starts to increase (significantly) 
without any corresponding significant reduction in the T-mode energy (for example, see SG-2 
and SG-3 where the R-mode energy shows an increase at CI while the T-mode energy is still 
increasing). From this observation, it can be inferred that the R-mode ultrasonic waves are 
slightly more sensitive in detecting the microcrack initiation process (CI) in comparison to the T-
mode ultrasonic waves. Between CI and SCI, the T-mode energy and R-mode energies show an 
inconsistent relationship (see the yellow line in Figure 6-13); in particular, for SG-1 and SG-2, 
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the correlation follows an inverse non-linear trend which shows that the R-mode energy 
increases with a slight reduction in T-mode energy, while for SG-3, the correlation shows a 
positive linear trend showing a linear increase in the R-mode energy with a small increase in the 
T-mode energy. The inconsistency and non-linearity in the correlation arises because the 
increase in the R-mode energy is large in comparison to the insignificant change in the T-mode 
energy between the CI and SCI thresholds. This further proves that the R-mode waves are more 
sensitive to detect initial stages of damage in comparison to the T-mode waves. During the SCI 
to SCD stage of damage evolution in the specimens, the R-mode energy shows a near-linear 
inverse correlation with the T-mode energy (see the purple line in Figure 6-13). The initiation of 
crack interaction processes from SCI to SCD forces the waves to partition energy in the 
geometric regime (size of damage features >> wavelength; see Figure 6-7 and Figure 6-10), with 
the wave attenuation occurring primarily by reflection at the damage boundary (Garnier et al., 
2003; Shirole et al., 2019a). This can be the possible reason for the inverse linear relationship 
observed between the T-mode and R-mode energy, and is consistent with the analytical inverse 
linear relationship between the T-mode energy and R-mode energy as observed in the geometric 
regime by the application of displacement discontinuity theory (Hedayat and Walton, 2017).  In 
addition, the curves show no significant change in the correlation at the CD stage. With further 
increase in the applied stress (SCD to UCS), the R-mode energy ceases to increase with a 
corresponding reduction in the T-mode energy (especially for SG-1 and SG-3 as shown in Figure 







Figure 6-12 Correlation between the spectral energy of the ultrasonic waves with the stress-
induced strains at different stages of loading in the Stanstead granite specimen SG-2, where: (a) 
total apparent tensile strain (εTAT) and (b) total apparent shear strain (εTAS). The labels ‘1’ and ‘2’ 





Figure 6-13 Correlation between the T-mode energy and the R-mode energy of the ultrasonic 
waves at different stages of loading for the three rock specimens (energy of the T-mode and R-
mode waves were normalized with respect to the maximum transmission and reflection energy 




In this study, the damage progression in uniaxially loaded prismatic shaped intact rock 
specimens has been actively monitored by the application of the directly transmitted (T-mode) 
and reflected (R-mode) ultrasonic waves. Notably, this study is unique in the sense that it 
documents a unique and novel concurrent measurement of transmitted and reflected waves using 
LUT. The 2D-DIC full-field strain measurement approach was also employed in-sync with the 
ultrasonic monitoring to explicitly associate in real-time the stress-induced damage progression 
in the specimens to the changes observed in the ultrasonic (T-mode and R-mode) wave 
attributes. The correlation between the T-mode and R-mode energies was also studied at the 
different stages of the damage evolution in the rock specimens.  
The full-field strain maps of the rock specimens as obtained using the image correlation 
approach showed that with increasing external loads, the strain-field heterogeneity amplifies 
while the damaged elements become randomly clustered. To analyze the damage associated with 
the strain-field, metrics for calculation of the tensile damage and shear damage were formulated. 
The tensile damage was analyzed through the total apparent tensile strain (εTAT), while the shear 
damage was analyzed by the application of total apparent shear strain (εTAS). The variation in 
εTAT magnitude with loading was consistent with the evolution of crack density in rock 
specimens damaged under anisotropic loading conditions, and consequently, εTAT was able to 
represent the different stages of damage progression in the rock specimens. The changes in the 
εTAS magnitude with loading facilitated identification of the initiation of shear damage (SDI) and 
its progression (SDC) in the rock specimens. The results also showed that the shear damage 
initiates slightly earlier than the CD threshold of the rock specimens.  
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The ultrasonic imaging conducted in the UIA region of the specimen showed that the 
reflected (R-mode) waves were devoid of a distinct arrival time-stamp. Subsequently, wavelet 
analysis was performed on the R-mode waves to obtain their frequency spectra; to be consistent, 
the same procedure was employed on the T-mode waveforms as well. The energies of the T-
mode and R-mode waveforms were calculated based on the area under the curve of the 
corresponding frequency spectra. The changes in the energy of the T-mode waves with loading 
showed the energy of the waves to be increasing at initial stages of loading, which subsequently 
started to attenuate with further increase in the load magnitude. The R-mode energy showed 
inconsistent behavior at initial stages of the uniaxial load (probably due to the absence of a major 
flaw in the specimen), however, the R-mode energy followed a consistent increasing trend with 
loading beyond the CI threshold of the specimens. The results showed that the R-mode waves are 
also sensitive in capturing state of damage in progressively damaged intact rock specimens.  
The attenuation in the energy of the T-mode signals was found to follow a near-linear 
correlation with the εTAT magnitude above the CI threshold, however, it showed a non-linear 
relationship with the shear damage metric εTAS. The R-mode energy showed near-linear direct 
relationships with both εTAT and εTAS above the CI threshold. From this, it was concluded that the 
R-mode ultrasonic waves are capable of capturing damage-induced by both tension and shear 
related damage mechanisms, which is consistent with the findings of Modiriasari et al. (2015) for 
specimens containing initial macroscopic flaws. The correlation of the T-mode and R-mode 
energy at different stages of damage showed that the R-mode waves are more sensitive to 
damage initiation (low levels of damage; CI) in the rock specimens than the T-mode waves. This 
is because at low levels of damage, the changes in the R-mode energy were significant in 
comparison to the changes in the T-mode energy. A linear inverse relationship was observed 
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between the R-mode and T-mode energy between the SCI to SCD thresholds because shear 
damage forces the wave to partition energy in the geometric regime. Overall, the present study 
showed that the R-mode ultrasonic waves can be used in combination with the T-mode ultrasonic 
waves to evaluate the state of damage and damage process evolution in intact rocks.  
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CHAPTER 7  
THESIS CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORK 
This research study is focused on advancing the understanding of the progressive damage 
processes in intact rocks through laboratory-scale experiments. The ultrasonic testing approach 
in combination with 2D-digital image correlation (2D-DIC) was utilized for investigation of the 
processes associated with intact rock damage processes. The research involved an extensive 
laboratory-scale experimental program.  
The main purpose of this experimental work was to study the processes associated with 
damage evolution in intact rocks in greater detail than previous works, and to advance the 
application of ultrasonic-based techniques for the evaluation of damage in intact rock specimens. 
For this purpose, uniaxial compression experiments were performed on intact specimens of 
sedimentary rocks (Lyons sandstone (LS), and Gosford sandstone (GS)) and crystalline rocks 
(Granodiorite (G), Barre granite (BG), and Stanstead granite (SG)). The specimens used for the 
experiments had cylindrical (50 mm in diameter with a length of 115 mm) and prismatic shapes 
(longitudinal axis of 150 mm, transverse axis of 75 mm, and thickness of 25 mm). The ultrasonic 
monitoring approach, using both linear ultrasonic testing (LUT) and non-linear ultrasonic testing 
(NLUT) methods, was employed for the characterization of the progressive damage processes in 
the specimens (a summary of the experiments as carried out in this thesis are presented in Table 
7-1). Directly transmitted (T-mode) and reflected (R-mode) linear ultrasonic waves were also 
employed for this purpose. The ultrasonic measurements were obtained through pairs of source 
and receiver ultrasonic transducers on the sides of the specimens. The non-contact optical full-
field deformation technique of 2D-Digital Image Correlation (2D-DIC) was also employed in 
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synchronization with the ultrasonic monitoring for investigating the evolution of damage 
(microcracking) processes on the surface of the specimens in real-time, and to correlate these in a 
quantitative manner with the corresponding ultrasonic attributes. 
















Evaluate the potential of LUT method for characterization of progressive damage 
processes in rocks and critically analyze the significance of transducer 





No Lyons sandstone Cylindrical 
Objective 
2 
Test the hypothesis that the non-linear component of the ultrasonic waves has 














Associate the changes in LUT attributes (e.g. amplitude) to specific damage 






Yes Lyons sandstone Prismatic 
Objective 
4 
Investigate the influence of rock microstructural heterogeneity on its damage 










Table 7-1 Continued  
Objective 
5 
Characterize the intact rock damage processes by simultaneous application of 






Yes Stanstead granite Prismatic 
7.1 Major Conclusions 
In this thesis, experiments were performed by employing the ultrasonic testing method in 
combination with the 2D-DIC procedure to accomplish the research objectives. Based on the 
findings and results as obtained from these experiments, the major conclusions of this thesis are 
presented in the following subsections.   
7.1.1 Effect of transducer frequencies on LUT-based characterization of rock damage 
 By the observation of damage-induced changes in the T-mode LUT-based measurements, 
this study found that the illumination of damage in rocks by LUT-based approaches is 
governed by the relationship between the wavelength (frequency) of the transmitting 
ultrasonic waves and the size of the damage features present in a rock specimen. Larger 
wavelengths in comparison to the size of damage features (microcracks) were found to 
significantly reduce the capability of the ultrasonic waves to image the rock damage 
evolution.  
 The amplitude (peak to peak) and the mean frequency of the T-mode linear ultrasonic 
signals were found to be the most sensitive parameters for capturing the evolution of 
stress-induced micro-mechanical damage in the rock specimens. In comparison, the T-
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mode ultrasonic wave velocity was not sensitive to the progression of damage in the rock 
specimens, especially at frequencies in the range of MHz as employed in the study.  
 Ultrasonic measurement-based Seismic-CI (SCI) and Seismic-CD (SCD) thresholds were 
estimated from a first derivative analysis of the amplitude-stress and mean frequency-
stress curves. These, ultrasonically obtained estimates of the SCI and SCD thresholds 
were found to be statistically similar to the strain-based evaluations of the CI and CD 
thresholds of the intact rock specimens. 
7.1.2 NLUT-based characterization of rock damage processes 
 The study concluded that the NLUT-SSM procedure, through the use of the non-linear 
parameter θ, was capable of identifying the signatures of progressive evolution of damage 
in rocks. A key element of the non-linear indicator θ was found to be its sensitivity to 
detect signatures of early damage manifestations in rocks. The non-linear parameter θ 
showed an increase in its magnitude with the progression of damage in the rock 
specimens. Specifically, the θ indicator showed a noticeable increase at the CI threshold 
(the stress at which damage initiates in rocks). This is because the non-linear content in 
the propagating ultrasonic waves is strongly amplified by the presence of microcracks 
(damage). The study concluded that the non-linear indicator θ has also appreciable 
sensitivity in detection of the stress at which crack coalescence initiates (CD) in the 
loaded rock specimens.  
 The non-linear parameter θ has a lower magnitude for Aluminum (a weakly non-linear 
material), while the θ magnitude increases significantly in the case of rocks (a non-
classical non-linear material). This observation suggests that the non-linear parameter θ 
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can be employed for the characterization of the inherent microstructural acoustic non-
linearity of synthetic and natural materials.  
7.1.3 Explicit correlation between ultrasonic attenuation and rock damage 
 The intensity of the apparent tensile strain (obtained from the 2D-DIC analysis) was 
calculated for the estimation of the non-elastic component of the tensile strains (εNEAT). 
The non-elastic apparent tensile strain was estimated through the analysis of regions with 
strains above a critical tensile strain limit (εc). From the trend of changes in εNEAT with 
the application of stress on the intact rocks, it was concluded that εNEAT is a quantitative 
representation of the evolution of tensile damage in the rock specimens. 
 The attenuation in the amplitude of the directly transmitted ultrasonic waves (T-mode 
LUT) was more consistently correlated in a near-linear manner with the non-elastic 
tensile damage (εNEAT) than the total tensile damage in the rock specimens (εTAT). This is 
an experimental validation of the fundamental observations of Lockner et al. (1977), and 
explicitly demonstrates that the changes in ultrasonic wave amplitude are in-fact induced 
by the progression of inelastic tensile strains, which is the primary damage mechanism in 
brittle rocks. This validation significantly improves our understanding of the impacts of 
distributed damage on ultrasonic wave attenuation. 
7.1.4 Experimental investigation of strain-field heterogeneity in rocks 
 Evaluation of the 2D-DIC strain maps with increasing load level showed that the strain-
field of the rock specimens becomes progressively more heterogeneous. The results 
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quantitatively showed that there are regions in the volume of the rock specimens that are 
characterized by strains that are much higher in magnitude than the mean strain-field 
acting on the specimen. This study concluded that these regions can be the potential 
locations of damage initiation in the rock specimens, as the points of change in the strain-
field heterogeneity (δGL) with the application of stress were reasonably consistent with 
the CI and CD stress levels for the three rocks.  
 The strain-field heterogeneity (δGL) attenuates near-linearly in semi-log space as a 
function of the length-scale of measurement. This implies that the δGL as quantified at 
smaller scales of measurement appears to be amplified in comparison to the magnitude of 
the δGL obtained at larger scales of measurement. From this, the study concluded that the 
smaller scales of measurement are more representative of the active state of stress-
induced progression of strain-field δGL and the associated damage evolution processes in 
rocks. 
 The RVE length-scale reached the specimen-scale as the applied load on the specimens 
was increased, and this occurred below the CD threshold of the rocks. This observation 
suggests that the strain-field heterogeneity (represented by the RVE length-scale) begins 
to influence the macroscopic response of rocks specimen below the CD threshold. It was 
concluded that the discrepancy between the stress at which RVE length-scale reaches the 
specimen-scale, and the stress at which microcrack coalescence (CD) initiates, is 
representative of the microstructural heterogeneity of the rocks. 
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7.1.5 Application of reflected ultrasonic waves for rock damage characterization 
 The damage progression in uniaxially loaded prismatic shaped intact rock specimens 
actively monitored by the application of reflected (R-mode) ultrasonic waves showed that 
energy of the R-mode (reflected) ultrasonic waves amplifies with the progression of 
damage in the rock specimens. This implies that R-mode LUT is also capable of 
detecting damage in intact rocks. This is significant, as R-mode LUT approaches can be 
more easily implemented for the practical assessment of damage at the field-scale. 
 The evolution of shear damage in the specimens as estimated through the 2D-DIC strain 
maps showed that shear damage initiates ahead of the CD threshold in the rock 
specimens. 
 The results showed that both the T-mode and R-mode ultrasonic waves can image the 
tensile and shear damage in the rock specimens. The T-mode ultrasonic waves had a 
direct near-linear relationship with the tensile strain metric used, and a non-linear 
relationship with the shear damage metric used. In contrast, the R-mode waves ultrasonic 
waves had a direct near-linear relationship with both the tensile and shear strain metrics 
used.  
 The correlation of the T-mode and R-mode energy at different stages of damage showed 
that the R-mode waves facilitate identification of low levels of damage (CI) in the rock 
specimens more precisely in comparison to the T-mode waves. 
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7.2 Major Contributions 
This research contributed primarily towards advancing the current understanding of the 
progressive damage processes in intact rocks by the application of the ultrasonic and 2D-DIC 
analysis approaches. The study confirmed that the damage evolution in rocks is progressive 
process, and that the stress-strain curves of rock specimens (acquired through strain gauges or 
the linear variable differential transformers (LVDTs)) are not capable of providing sufficient 
information for characterization of the extent and the type of damage (shear or tensile) in the 
volume of rock specimens. It was demonstrated that the ultrasonic and 2D-DIC measurements 
are not only capable of identifying the progression of microcracking induced damage in the rock 
specimens but can also illustrate the associated mechanisms of the damage evolution. If 
effectively extended to the field-scale, these approaches could, therefore, be used to aid in the 
design and monitoring of structures on or in rocks. 
The specific scientific contributions of this thesis to advance the state of knowledge 
associated with the intact rock damage processes can be summarized in detail as follows: 
 It was established that T-mode LUT measurements are representative of the state of 
damage in progressive loaded intact rock specimens by the analysis of the changes in the 
directly transmitted (T-mode LUT) linear ultrasonic wave parameters (amplitude, and 
mean frequency) with the evolution of damage in uniaxially loaded rock specimens. 
 It was determined that the crack initiation (CI) and crack damage (CD) thresholds of 
intact rocks can be characterized by the analysis of the damage-induced changes in T-
mode LUT parameters.  
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 It was demonstrated that non-linear ultrasonic measurements are more sensitive, in 
comparison to the traditional LUT measurements, in the detection of early stages of 
damage evolution in intact rocks through the application of the NLUT-SSM (Non-Linear 
Ultrasonic Testing- Scaling Subtraction Method) procedure. The same approach was 
demonstrated to be capable of non-destructive characterization of the inherent 
microstructure of several kinds of materials. 
 It was established that the reflected ultrasonic waves (R-mode LUT) are capable of 
imaging the evolution of damage in the intact rock specimens similar to the T-mode LUT 
measurements. This is perhaps the only study that tracks the changes in the reflected 
ultrasonic waves in progressively damaged intact rock specimens.  
 A strain metric was proposed, through the analysis of full-field strains, that can quantify 
the evolution of the tensile damage and shear damage in progressively damaged rock 
specimens. Using this metric, damage evolution in the rock specimens can be evaluated 
in real-time. 
 For the first time, it was experimentally proven that the changes in the amplitude (energy) 
of the ultrasonic waves is in-fact governed by the evolution of damage (tensile and shear 
damage) in the rock specimens. This was accomplished through the analysis of the 
correlation between the changes in the amplitude (energy) of the directly transmitted and 
reflected ultrasonic wave with the full-field strain-based measures of damage in the 
specimens.  
 For the first time, the evolution of strain-field heterogeneity at increasing load levels 
applied to the rock specimens has been experimentally evaluated for its quantitative 
characterization. The results showed that the strain-field heterogeneity is a function of the 
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inherent microstructural heterogeneity present in the rock volume. This work represents a 
validation of the findings of prior numerical studies. 
7.3 Variability and Uncertainty in Experimental Results 
The work that was carried out in this research thesis was entirely based on experiments 
which were carried out by the author in a research laboratory at the Colorado School of Mines. 
Although measures were taken by the author to conduct high quality experiments, nevertheless, 
the experimental measurements can still suffer from some variability which can arise due to: (1) 
the equipment (system) repeatability (measurement precision); (2) subjectivity of assessments 
(e.g. CI and CD estimation), and (3) material variability (e.g. within or between specimens). The 
system as developed for the ultrasonic testing had a repeatability of ~2%-5% (Chapter 2, 3 and 
4), while the variability associated with the subjective assessment was approximately ± 4%. The 
material specimens as used in the research thesis were specifically selected to correspond to 
relatively uniform rock types, and therefore had a maximum natural geologic variability of key 
mechanical characteristics on the order of ~6% (see Appendix B; Tables B-1 to B-5). 
7.4 Recommendations for Future Research 
The research carried out in this thesis was aimed at advancing the knowledge related to 
the intact rock damage processes. The thesis employed ultrasonic and image-based analysis for 
this purpose. As novel findings are always accompanied with additional queries, there are 
various ways to advance the research on rock damage characterization pursued in this thesis.  
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An important area of study that the author feels needs particular attention is to investigate 
the scale-effect associated with the LUT and NLUT-based interpretation of damage in rocks, 
through the application of experimental measures. This is essential, as the ultrasonic 
measurements at the laboratory-scale specimens need to be representative of the field-scale 
observations for damage evaluation purposes. The author believes that a relationship that 
associates the laboratory-scale ultrasonic measurements to the field-scale ultrasonic 
measurements will aid in understanding the effect of scale on ultrasonic measurements, and will 
be useful for accurate interpretation of rock damage at the field-scale through the use of 
ultrasonics. 
Some examples of other areas of research that can be pursued based on the findings of 
this thesis are as follows: 
 Design of experiments for understanding the mechanisms of wave propagation and the 
related physics of wave energy dissipation by employing synthetic geomaterials, either by 
using the 3-dimensional printing technique or by casting materials from plaster of Paris, 
having flaws with different geometries. 
 Investigation of the effect of confining stress on the intact rock damage processes by the 
application of both the LUT and NLUT methods. 
 Investigation of the effect of fatigue (loading and unloading process) stress related 
damage progression in intact rocks by the use of the image correlation procedure, and the 
application of ultrasonic testing (both LUT and NLUT). 
 Evaluation of the LUT and NLUT procedures to capture impact-load-induced damage in 
intact rocks.  
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 Investigation of the capability of the LUT and NLUT-based approaches in combination 
with the image correlation procedure to capture creep-induced damage in intact rock 
specimens.  
 Investigation of the capability of the LUT and NLUT approaches in monitoring the post-
peak behavior of intact rocks in both unconfined and confined conditions. 
 Investigation of the capability of the NLUT-based approach in monitoring the behavior of 
damage progression in intact rocks having artificially induced flaws. 
 Although the ultrasonic and DIC-based measurements facilitated information on the 
progression of different rock damage processes, a universal algorithm or criterion that 
can be employed for indicating the specific stress levels corresponding to the initiation of 
different stages of rock damage is still an area that needs further exploration.  
 Application of grain-based numerical modelling approaches to reproduce the 
experimental findings in this thesis, both with respect to the stages of rock damage 
evolution, and with respect to the damage related signatures observed using the LUT and 
NLUT procedures. 
 Use of a computed tomography (CT) scanning machine with resolutions better than the 
24 µm as used in this study to continuously monitor the progression of damage in intact 
rock specimens, and correlation of these changes with the 2D-DIC observed strain maps. 
 Application of acoustic emission (AE) monitoring for 2-dimensional tracking of the 
spatial locations associated with AE activity, and correlation of these changes with the 
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SEISMIC-CI AND SEISMIC-CD ESTIMATION 
A.1 Procedure for Seismic-CI and Seismic-CD Estimation 
The changes in the normalized amplitude of the ultrasonic waves were more closely 
analyzed by plotting the first derivative of the amplitude-percent failure plots as shown in Figure 
A-1. If A is the amplitude of the ultrasonic wave, and P is the percent failure stress, then Figure 
A-1 shows the profile of dA/dP at increasing values of P. As explained in Section 2.4, Figure A-
1, which illustrates the changes in the derivative of the amplitude-percent failure plot can be 
classified into three regions, with the boundaries between the regions being characteristic of the 
ultrasonic-based measurements of the crack initiation (Seismic-CI; SCI) and crack damage 
(Seismic-CI; SCD) threshold of the rock specimens. The stress corresponding to the start of 
region II (or end of Region I) represented the SCI threshold. The SCI (or the start of region II) 
threshold was estimated to correspond to the stress which corresponded to a 20% reduction from 
the maximum magnitude (i.e. 1) of the dA/dP value. The 20% reduction criterion was used 
because it was observed in most of the specimens that after the 20% reduction in the maximum 
dA/dP magnitude, the dA/dP vs P curve shows a consistent linear trend (see Line-A Region II in 
Figure A-1); additionally, this threshold ensures that variations below the typical noise level in 
the data do not lead to an erroneous SCI determination.  
The relationship between dA/dP vs P curve after the SCI threshold can be stated to be bi-
linear in nature; with “Line A” following a linear fit to the dA/dP vs P curve in Region II, which 
is subsequently followed by “Line B”, having a different slope of the linear fit, in Region III. 
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Figure A-1 shows that the at the start of Region III, the match of the linear fit represented by 
Line A to the data deteriorates significantly, which correspondingly necessitates a different linear 
fit (Line B) for the dA/dP vs P curve in Region III. For all the tested specimens, The average 
slope of Line A was observed to be approximately 50% of the slope of Line B, with both the 
lines intersecting at SCD. The author believes that this sharp change in the average slope of the 
Line A is because of the damage induced changes in the rock volume, and correspond to the 
SCD threshold. The author recognizes that this is a somewhat subjective approach for SCI and 
SCD estimation, but the overall potential for variability in the damage threshold estimation by 
this approach is estimated to be relatively low (e.g. approximately ± 4%). 
 
Figure A-1 The First-order derivative of the amplitude-stress curve, where A is the amplitude of 
the ultrasonic wave and P is the percent failure. The seismic-CI and seismic-CD are also shown 
with the stages of damage evolution in the specimen. The SCI was estimated by computation of 
the stress which corresponded to a 20% reduction in the maximum dA/dP value (i.e. 1). The 
SCD was estimated by computation of the stress which corresponded to the point of intersection 
of Line A and Line B. 
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APPENDIX B  
SUPPLEMENTAL DATA 
 
Figure B-1 Variation of energy of the ultrasonic waves as a function of loading for the rock 
specimen SG‐2 at: (a) UIA-1; and (b) UIA-3. For definition of UIA-1, 2 and 3, see Figure 4-3a. 
270 
 
Table B-1 Uniaxial compressive strength (UCS) of the Lyons sandstone (LS) specimens, as used 







deviation in UCS 
Relative Standard 
Deviation (RSD) (%) 
S-1 192 







































Table B-3 Uniaxial compressive strength (UCS) of the Gosford sandstone (GS) specimens, as 
















































































Table B-6 The specific stress corresponding to the shear damage initiation (SDI) and the shear 
damage coalescence (SDC) thresholds for the Stanstead granite specimens. 
Specimen ID SCI (% of UCS) SDC (% of UCS) 
Uniaxial Compressive 
Strength (UCS) (MPa) 
SG-1 75 93 131 
SG-2 70 92 138 
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